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Chapter 1
Mineralogy, Petrology, and Geochemistry of Mercury’s Mantle
Revealed by Surface Compositions
In collaboration with
Francis M. McCubbin1,2
Larry R. Nittler3
Patrick N. Peplowski4
Shoshana Z. Weider3
Larry G. Evans5
Elizabeth A. Frank3
Timothy McCoy6
1

Institute of Meteoritics, Department of Earth & Planetary Sciences, University of New
Mexico, Albuquerque, NM 87131, USA. 2NASA Johnson Space Center, Mailcode XI2,
2101 NASA Parkway, Houston, TX 77058, USA. 3Department of Terrestrial Magnetism,
Carnegie Institution of Washington, DC 20015, USA. 4The Johns Hopkins University
Applied Physics Laboratory, Laurel, MD 20723, USA. 5Computer Science Corporation,
Lanham-Seabrook, MD 20706, USA. 6Department of Mineral Sciences, National
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Washington, DC 20560, USA.
Abstract
During the time that the MErcury Surface, Space ENvironment, GEochemistry,
and Ranging spacecraft was in orbit around the innermost planet, new and exciting results
regarding the planets structure, chemical makeup, and diverse surface were revealed,
confirming that Mercury is an endmember among the terrestrial planets. Using the most
recent results from the X-Ray Spectrometer and Gamma-Ray and Neutron Spectrometer,
in conjunction with the Mercury Dual Imaging System, nine distinct geochemical regions
were identified on Mercury. Using a variation on the classical CIPW normative
mineralogy calculation, Mercury’s silicate mineralogy is dominated by plagioclase,
pyroxene (both orthopyroxene and clinopyroxene), and olivine, with lesser amounts of
quartz. In terms of petrologic classification, the rocks on the surface of Mercury are
1

highly diverse and span the region from komatiitic to boninitic. The high abundances of
alkalis lend to many of these regions being classified as alkali-rich komatiites and/or
boninites. When compared to other terrestrial planetary bodies, including the Moon,
Earth, Mars, and Vesta, mercurian compositions span a wide range in SiO2 space that is
greater than the Moon, Mars, and Vesta and is more similar to the wide range seen on
Earth. However, although the compositions of Mercury look chemically evolved, the high
SiO2 content is a primitive feature and a direct result of the low oxygen fugacity on the
planet.

Keywords: Mercury, Petrologic Classification, IUGS, Boninites, Komatiites

1. Introduction
Prior to the return of data from the MErcury Surface, Space ENvironment,
GEochemistry, and Ranging (MESSENGER) spacecraft, information regarding the planet
Mercury was limited. The success of the Mariner 10 flybys in 1974 and 1975 resulted in
imaging of ~45 % of the planet, detecting a magnetic field, measuring H, He, and O in
the exosphere, as well as determining other physical and chemical characteristics of the
planet (Broadfoot et al., 1974; Broadfoot et al., 1976; Chase et al., 1974; Murray, 1975;
Ness et al., 1975; Ness et al., 1974; Solomon et al., 2001). However, with this limited
data, much was to be inferred about Mercury. Given its proximity to the sun, it was
expected that Mercury would be volatile depleted. Furthermore, Mercury was frequently
compared to the Moon with its high density of craters, abundant smooth plains (perhaps
similar in origin to the lunar mare), and its similar surface reflectance spectra (Blewett et
al., 2002; Taylor and Scott, 2004). Reflectance spectra of Mercury were thought to be
2

similar to the lunar highlands, although more sodic in nature and more variable than what
is seen on the Moon (Sprague and Roush, 1998). Additionally, although FeO and TiO2
abundances on Mercury were suggested to be much lower than that of the Moon (Blewett
et al., 1997; Blewett et al., 2009; McClintock et al., 2008; McCord and Clark, 1979;
Riner et al., 2010; Robinson and Lucey, 1997; Robinson et al., 2008; Vilas, 1988), the
idea of formation from a magma ocean event (Brown and Elkins-Tanton, 2009; Riner et
al., 2010) resulting in a plagioclase floatation crust was suggested (Taylor and
McLennan, 2009). Based on earlier evidence, it was not clear if the bulk surface of
Mercury was a primary crust that had been modified substantially by the late heavy
bombardment, or secondary crust produced by volcanism on the planet (Taylor and
McLennan, 2009). With a partial dataset and lack of chemical analyses of the surface,
there was much left to interpretation regarding the evolution of Mercury.
During the time that the MESSENGER spacecraft was in orbit around the
innermost planet, new and exciting results regarding the planets structure, chemical
makeup, and diverse surface were revealed, confirming that Mercury is an endmember
among the terrestrial planets (Solomon et al., 2001). The X-Ray Spectrometer (XRS) and
Gamma-Ray and Neutron Spectrometer (GRNS) on board the MESSENGER spacecraft
provided the first detailed chemical analyses of Mercury’s surface (Evans et al., 2012;
Nittler et al., 2011; Nittler et al., 2014; Peplowski et al., 2014; Peplowski et al., 2015a;
Peplowski et al., 2012a; Peplowski et al., 2012b; Weider et al., 2015; Weider et al., 2014;
Weider et al., 2012). The XRS was a 7.5 pound instrument designed to map elements in
the top millimeter of Mercury’s crust with emissions in the 1–10 keV range (i.e. Mg, Al,
Si, S, Ca, Ti, Fe) (Nittler et al., 2011; Solomon et al., 2001; Weider et al., 2015; Weider
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et al., 2014; Weider et al., 2012). The gamma-ray spectrometer (GRS) was a larger
instrument (20.3 pounds) designed to measure gamma rays from naturally radioactive
elements (i.e. K, Th, U) and gamma rays that were emitted by the nuclei of atoms (e.g. H,
C, O, Na, Mg, Al, Si, Cl, Ca, Ti, Fe,) in the upper 10–100 cm of Mercury’s surface once
the planet was struck by cosmic rays (Evans et al., 2012; Peplowski et al., 2014;
Peplowski et al., 2015a; Peplowski et al., 2012a; Peplowski et al., 2012b; Solomon et al.,
2001). The neutron spectrometer (NS), intended to look at the H content of Mercury’s
polar deposits, accompanied the GRNS package, and was designed to map differences in
epithermal, fast, and thermal neutrons emitted from Mercury’s surface after being struck
by cosmic rays (Lawrence et al., 2016; Solomon et al., 2001).
These geochemical instruments, in conjunction with the Mercury Dual Imaging
System (MDIS) were used to identify numerous geological and geochemical features on
the surface of Mercury that were previously unknown. Furthermore, they were used to
identify several surprising characteristics about the surface of Mercury, including
elevated S abundances (up to 4 wt%) and low Fe abundances (less than 2 wt%) (Nittler et
al., 2011; Weider et al., 2014). The S and Fe abundances were used to confirm the highly
reducing nature of Mercury, which has been estimated to be between 2.6 and 7.3 log10
units below the Iron-Wüstite (IW) buffer (McCubbin et al., 2012; Zolotov et al., 2013),
lower than any of the other terrestrial planets in the inner Solar System (Herd, 2008;
Sharp et al., 2013; Wadhwa, 2008). This highly reducing nature has important
consequences for the thermal and magmatic evolution of Mercury, its surface mineralogy
and geochemistry, and the petrogenesis of mercurian magmas (Brown and Elkins-Tanton,
2009; Charlier et al., 2013; McCubbin et al., 2012; Namur et al., 2016; Nittler et al.,
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2011; Stockstill-Cahill et al., 2012; Vander Kaaden and McCubbin, 2015, 2016). To date,
there has not been a systematic effort to understand the mineralogy and petrology of the
surface of Mercury, so that is one of the aims of the present study. Furthermore, we will
use the insights gained here to understand the mineralogy, petrology, and geochemistry of
Mercury’s mantle.
1.1 Identification of Distinct Geochemical Regions
Several geochemical regions have been identified on the surface of Mercury
(Peplowski et al., 2015b; Weider et al., 2015). These regions were identified based on
their composition as measured by the XRS and GRS instruments as well as variations of
neutrons detected by the NS. The oxide compositions of the various geochemical regions
were calculated in the same manner as Vander Kaaden and McCubbin (2016). By
following these procedures, a variable Si abundance is calculated across Mercury’s
surface, which could mean that a diverse set of rocks and minerals were analyzed by the
geochemical instruments onboard MESSENGER. Currently, the surface compositions of
Mercury have been likened to terrestrial komatiites due to similarities in values of Al/Si
versus Mg/Si (Nittler et al., 2011; Weider et al., 2015) as well as terrestrial boninites,
given the high calculated SiO2 abundances of some regions (e.g., Vander Kaaden and
McCubbin, 2016). To investigate the potential mineralogical and petrologic diversity on
the innermost planet, we focus our study on nine regions with characteristic major
element compositions (Weider et al., 2015): (i) the high-Mg region (HMR), (ii) a subregion of the HMR with the planet’s highest Ca and S contents (HMR-CaS), (iii) a subset
of the northern volcanic plains (NP) with relatively high Mg content (NP-HMg)
distinguished by low-fast neutrons (Lawrence et al., 2016), (iv) a subset of the NP with
5

relatively low Mg content (NP-LMg), (v) the Rachmaninoff basin (RB), (vi) the planet’s
largest pyroclastic deposit, located northeast of the Rachmaninoff basin (PD), (vii) the
high-Al regions southwest and southeast of the NP (HAl), (viii) the smooth plains within
the Caloris basin (CB), and (ix) the intermediate terrane (IT) on the mercurian surface,
made up of intercratered plains and highly-cratered terrain. The goal of this study is to
determine an average composition for each of these nine distinct geochemical regions.
These compositions will be used to infer mineralogical, petrologic, and geochemical
identifications for the materials that constitute Mercury’s surface. These data will provide
insight into the mineralogy of the mercurian mantle, the petrologic diversity of rocks on
the planet, as well as the range in Si (or SiO2) abundances across the surface and the
interior.
2. Determination of compositions
XRS (Nittler et al., 2011; Nittler et al., 2014; Weider et al., 2015) and GRS
(Peplowski et al., 2014; Peplowski et al., 2012a) analyses were used to determine the
average compositions for nine geochemical regions on the surface of Mercury (Tables 1–
2). XRS measurements of the nine geochemical regions were revisited using the most
recent MESSENGER analyses including the low altitude campaign data acquired towards
the end of the mission. Elemental data obtained from XRS include Mg/Si, Ca/Si, Al/Si,
Fe/Si, and S/Si. Due to varying pixel sizes with latitude, the two NP regions were
calculated using area-weighted averages to avoid over interpretation of any single pixel.
The NP-HMg region (Figure 1) was defined as Mg/Si > 0.4 and confined to the center
longitude regions consistent with the “low fast neutron” region described in Lawrence et
al. (2016), which exhibited distinct neutron absorption characteristics compared to other
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portions of the NP. The NP-LMg (Figure 1) was defined as Mg/Si < 0.35 and consists of
the majority of smooth plains towards the northern pole of the planet. The IT region was
calculated as the remainder of the planet, excluding previously defined regions and
includes the southern hemisphere, intercratered plains, and highly-cratered terrain.
Importantly, the abundances of Ti, Mn, and Cr have not been reported for most of these
units; therefore, two average compositions for each geochemical region were calculated.
The first composition for each individual geochemical region (Table 1) only considers
reported values of Ti, Mn, and Cr. The second composition (Table 2) used the XRS
detection limits for Ti, Mn, and Cr (Nittler et al., 2011; Weider et al., 2015) as the
concentrations of these elements when they were below detection for a given region.
Final elemental ratios that were used for all calculations are given in Table S1.
Alkali abundances in these regions were determined by GRS. The most recent
modeling of the Na data (Peplowski et al., 2014) supports a consistent Na value across
the planet of 2.6 wt%, with the exception of the NP-LMg region that has a Na value of
4.8 wt%. In terms of potassium, the location of each region on Mercury was used to
assign a suitable K2O value from previously published data (Peplowski et al., 2012a). The
K value assigned to the HMR, HMR-CaS, RB, HAl, and PD was defined by the “All
2012” region in Peplowski et al. (2012a). The K value for CB was defined by “CB” in
Peplowski et al., (2012a) and the IT K value was defined by the “ICP/HCT/SP” region
defined in Peplowski et al. (2012a). The K values for the NP-HMg and NP-LMg were
redefined, 0.2 wt% and 0.15 wt%, respectively, based on the most recent GRS maps that
have been produced.

7

Similar to the approach taken in Vander Kaaden and McCubbin (2016), to
determine the composition of each distinct geochemical region, the valence of each
element was first assigned (i.e., Si4+, Ti4+, Al3+, Cr2+, Fe2+, Mn2+, Mg2+, Ca2+, Na+, K+, S2). A corresponding abundance of O2- was then calculated so that the resulting
composition for each specific region was charge balanced. Finally, assuming no major
constituent elements have been excluded, the resulting sum of oxides/sulfides should be
~100 wt%. Therefore, the composition for each region was normalized to 100 wt%, while
maintaining the measured element/Si ratios. From these calculations, the resulting O/Si
values ranged from 1.58–1.91, which are higher than the O/Si values measured by
MESSENGER GRS (1.20±0.1 reported in McCubbin et al. (2016)). However, McCubbin
et al. (2016) has shown that the O/Si value at the surface is likely related to secondary
degassing processes at the Mercurian surface and was not inherited as a primary feature,
so the compositions we have computed likely reflect the state of the melts prior to
secondary processes. Consequently, we use the results herein to understand the mercurian
interior as opposed to the actual rocks and minerals on the surface, which were likely
modified by secondary processes (McCubbin et al., 2016).
3. Inferred Mineralogy and Petrology of Mercury’s Surface Compositions
Based on the compositions of the nine geochemical regions, considering those
with both measured and upper limit values for Cr, Mn, and Ti, there is a range of ~5.3
wt% Si, which corresponds to a range of ~11.4 wt% SiO2 across the nine geochemical
regions. This range is consistent with the GRS measurements of Si (Peplowski et al.,
2012a). After normalization, taking into account both sets of analyses for each
composition, SiO2 (11.43 wt% range), MgO (13.01 wt% range), and Al2O3 (7.74 wt%
8

range) exhibit the largest range in values across the mercurian surface. Sulfides and all
other oxides vary by less than 3 wt%.
Although each geochemical region may not represent a single rock type or a
specific set of minerals that can be easily deduced by bulk normative mineralogical
calculations, the results of these calculations can be useful when trying to understand the
geochemistry, mineralogy, and petrology of the surface of a planet, especially from the
standpoint of comparative planetary geochemistry. Consequently, we have calculated a
CIPW norm (Cross et al., 1903) and have petrologically classified each of the nine
geochemical regions according to International Union of Geological Sciences (IUGS)
classification protocols (Le Bas, 2000 and references therein; Le Maitre et al., 2002). We
caution the reader that the classifications determined here are based solely on the
chemical composition for each unit and they should not be used, a priori, to infer
geologic processes or settings.
3.1 Normative Mineralogy
Due to the high amount of sulfur in mercurian compositions, the CIPW normative
mineralogy calculations could not be conducted in the conventional manner. Instead, we
first calculated the sulfides that would be present in each composition using the partition
coefficients calculated from the experimental results of Vander Kaaden and McCubbin
(2016). This method, based on experiments run at conditions similar to those on Mercury,
preferentially makes FeS, CrS, TiS2, and MnS. If S remains after Fe, Cr, Ti, and Mn are
consumed then MgS, and CaS are produced using a sulfide-melt Ca-Mg exchange
coefficient of 1.97 as determined by Vander Kaaden and McCubbin (2016) until all S is
consumed. Once all of the sulfur in each composition was consumed as sulfides, the
9

remaining composition was renormalized to 100%, resulting in a sulfur-free composition.
Using this sulfur-free composition, the normative mineralogy of each geochemical region
was calculated using the steps of Johannsen (1931). A modification that we made to this
classical calculation is the treatment of MnO. Typically, MnO is assumed to act like FeO
and is included in the calculation of an ilmenite component. However, given the highly
reducing nature of Mercury (McCubbin et al., 2012; Zolotov et al., 2013), as well as the
low amount of Fe and Ti on the surface (Nittler et al., 2011; Weider et al., 2014), it is
unlikely that ilmenite will be present. Therefore, any MnO that was left over after making
MnS has been put into a manganosite (MnO) component, although it is likely consumed
by olivine and/or pyroxene in the actual surface compositions. The results of the
normative mineralogy calculations are given in Figure 2, Figure S1, Table S2, and Table
S3.
For the purposes of this discussion, we consider both the compositions with only
measured Cr, Mn, and Ti (Figure 2, Table S2), as well as those that were computed using
the detection limits of Cr, Mn, and Ti from Nittler et al. (2011) as upper limit estimates
for these elements (Figure S1, Table S3). All of the regions considered in this study are
hypersthene normative, with the exception of the HMR-CaS. However, the HMR-CaS
only has ~0.7–3.1 wt% nepheline, which is likely within the error of our calculations, so
we do not place too much weight on this result. In terms of silica saturation, CB is
consistently quartz-normative, whereas all of geochemical regions, with the exception of
HAl are consistently olivine-normative. Depending on the amount of Cr, Mn, and Ti
present, the HAl region is either olivine-normative (containing ~7 wt% olivine) or quartznormative (containing ~0.4 wt% quartz). Although it is near the boundary, the value of
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quartz is extremely low and likely within the resolution of our calculations, so we will
consider the HAl olivine-normative.
The normative mineralogy of the surface compositions calculated herein represent
the mineralogy of mercurian surface materials prior to or in the absence of any secondary
degassing processes that could have caused the loss of O2- (i.e., McCubbin et al., 2016).
The major minerals present on the surface of Mercury includes plagioclase, olivine,
pyroxene (both orthopyroxene (opx) and clinopyroxene (cpx)), and quartz. Albitic
plagioclase (NaAlSi3O8) consistently dominates all regions (32.42–58.35 wt%), lending
to the alkali-rich nature of Mercury. Olivine (0–34.59 wt%) is much more dominant in
the HMR, HMR-CaS, RB, and PD representing ≥ ~30 wt% of the normative calculation
than in the NP regions, HAl, and IT where it only makes up ≤ ~16 wt% of the bulk
composition. As stated previously, CB is consistently olivine-free. In terms of pyroxene,
both orthopyroxene (i.e. hypersthene 0–37.13 wt%) and clinopyroxene (i.e. diopside 0–
22.43 wt%) are present in these geochemical regions. Orthopyroxene is the dominant
pyroxene present in the NP-HMg, HAl, CB, and IT regions whereas clinopyroxene is the
dominant pyroxene present in the HMR, HMR-CaS, RB, and the PD. The NP-LMg has
almost equal proportions of opx and cpx present. Furthermore, although quartz is present
only in the CB region (≤ 8 wt%), it is a dominant major mineral of that region.
Figure 2 shows the mineralogy of the HMR and HMR-CaS are extremely similar,
with the main difference being in the amount of opx present. The NP regions are similar
in their mineralogy with the NP-HMg containing ~10 wt% more olivine than the NPLMg, which contains ~10 wt% more cpx. The RB and PD regions have similar
mineralogy with the PD having slightly less sulfides (~4 wt%) and opx (~5.5 wt%), but
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greater abundances of plagioclase (~3 wt%) and olivine (~5 wt%). Interestingly, the HAl
and CB regions have extremely similar mineralogy with the main difference being that
the HAl has ~7 wt% greater abundances of opx whereas the CB has ~8 wt% greater
abundances of quartz. These two regions are also similar in composition to the IT,
suggesting these three regions may represent the bulk composition of Mercury,
dominated by plagioclase, opx, and sulfides. Importantly, it is not possible to distinguish
a homogenous surface that is dominated by opx and a heterogeneous one that has opx and
subequal amounts of olivine and silica.
The modal abundances of the major silicate minerals calculated here can also be
used to classify plutonic rocks according to IUGS standards. Figure 3 shows the
classification of melt compositions exposed at the surface (NP-HMg, NP-LMg, and PD)
as well as the HMR and HMR-CaS. Figure 3A shows a cpx-opx-ol ternary where the NP
regions are classified as either websterite or olivine websterites, mainly due to the amount
of sodium present in these compositions. The PD is classified as a lherzolite. The HMRCaS is classified as a wehrlite and the HMR is either a lherzolite or wehrlite, depending
on the amount of Cr, Mn, and Ti present. Alternatively, if these regions are classified
using an ol-plag-pyx ternary (Figure 3B), all regions are classified as olivine
gabbronorites. The only exception is the NP-LMg region without Cr, Mn, and Ti, which
falls in the gabbronorite field.
Sulfides are the next major mineral present in the CIPW normative calculations.
In Figures 2 and S1, the sulfides are considered only as a single, multi-component phase
making up ~1.6 to 6.5 wt% of the normative mineralogy. Sulfides are most abundant in
the HMR-CaS, which is consistent with this region containing the highest S abundances
12

on the planet. The HMR and RB both contain over 5 wt% sulfides, whereas the NP, IT,
and HAl regions contain ~4 wt% sulfides. The PD, which is consistent with some of the
lowest S abundances on the planet, also contains the least amount of sulfides. Figure S2
and S3 show the various sulfide components present in each region. When considered as
individual sulfide components, the surface of mercury is composed of FeS (1.16 – 3.98
wt%), CrS (0–0.89 wt%), TiS2 (0–1.77 wt%), MnS (0–0.86 wt%), MgS (0–3.23 wt%),
and CaS (0–0.33 wt%). FeS is consistently the dominant sulfide mineral across all
regions. Using only the measured values of Cr, Mn, and Ti, TiS2 is present only in the CB
(~0.6 wt%). MgS and CaS are present in all regions with the exception of the PD and
MgS is consistently more dominant than CaS, a direct result of the sulfide-melt Ca-Mg
exchange coefficient used in this study.
The remaining minerals have modeled abundances that are too low to make a
definitive assessment of whether or not they are present. These minerals include
orthoclase (0.53–1.42 wt%), nepheline (0–3.10 wt%), corundum (0–0.80 wt%), titanite
(0–1.35 wt%), and MnO (0–0.71 wt%). By including the detection limit of Cr, Mn, and
Ti into the oxide composition, CrS, MnS, titanite, and MnO are produced, which were
not present when only the measured values of these elements were included. Orthoclase
is present across all regions in small amounts and, similar to albite, reflects the alkali-rich
nature of Mercury. Nepheline is only present in the HMR-CaS region, but again it is most
likely within error of the reported values, so it is not significant in terms of mercurian
mineralogy. Corundum is present in the HAl, as expected, and in the CB regions.
3.2 Petrologic Classification
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Using the SiO2 and total alkali (Na2O + K2O) contents, the petrologic
classification of each composition is shown on a total alkali vs. silica (TAS) diagram in
Figure 4. The NP-LMg is the most alkali rich of the regions studied and is classified as a
trachyandesite (Figure 4). The NP-HMg, HAl, and IT are consistently basaltic andesites.
The CB rocks are classified as andesites on this diagram, whereas the HMR compositions
all fall in the basalt field. The remaining regions (RB and PD) span across the basaltbasaltic andesite boundary on a TAS diagram depending on the amount of Cr, Mn, and Ti
present. However, this diagram is not applicable to compositions with high MgO
abundances (MgO > 8 wt%, Le Bas, 2000) like those on Mercury (MgO: 12.13–25.14
wt%). Consequently, the High-Mg classification diagram (Figure 2 in Le Bas, 2000) was
employed to place further constraints on the petrologic classifications. The High-Mg
classification diagram has been superimposed on the TAS diagram in Figure 4 to
illustrate further the chemical boundaries and how they affect nomenclature.
With this further classification, the NP regions, as well as the CB, Hal, and IT, are
classified as boninites since their SiO2 and MgO contents are >52 wt% and 8 wt%,
respectively. However, since the total alkali content for the NP-LMg extends beyond the
upper bounds of this classification (≥4 wt% total alkalis), we use the term ‘alkali-rich
boninite’ for this composition , consistent with the classification in Vander Kaaden and
McCubbin (2016). Both of the HMR regions are classified as komatiitic since their SiO2
contents are <52 wt% and their MgO contents are >18 wt%, although they may be alkalirich komatiites, if future targeted analyses from subsequent missions are in agreement
with the latitudinally-averaged alkali data (Peplowski et al., 2014) that suggests the HMR
regions have 3.51 wt% Na2O (i.e., komatiites are defined as having ≤1 wt% Na2O). Both
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RB and the PD span these two distinct compositions and can be classified as either
boninitic or komatiitic, depending on the amount of SiO2 present. Whether or not the
composition of RB and PD is on the boninites or komatiite side of the boundary is a
direct result of the actual abundances of Cr, Mn, and Ti that are present in these
compositions.
4. Discussion
4.1. Insights into Mercury’s mantle from geochemical regions on its surface
Many of the chemical compositions initially reported for Mercury’s surface span
a wide range of terrane types. This study has focused on determining the chemical
composition and petrologic classification of distinct geochemical units on mercury. This
section focuses on geochemically significant regions that can provide insight into the
mantle of Mercury and various igneous processes (i.e. NP, PD, HMR,and HMR-CaS).
4.1.1 Melt compositions exposed at the surface
Out of the nine geochemical regions considered in the present study, the northern
volcanic plains and the pyroclastic deposit located to the NE of Rachmaninoff Basin,
which both appear to be volcanic in origin and have targeted analyses available (Denevi
et al., 2013; Head et al., 2011; Kerber et al., 2011; Nittler et al., 2014; Ostrach et al.,
2015; Weider et al., 2015), are the best candidates for melt compositions resulting from
partial melting of the mercurian interior exposed on Mercury’s surface. The NP covers
more than 12% of the surface area of the northern hemisphere of Mercury (Head et al.,
2011; Ostrach et al., 2015). This geologic unit is less cratered than its surroundings and
believed to be the product of at least two episodes of flood volcanism that were emplaced
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over a relatively short period of geologic time (e.g. 100 My or less, Head et al., 2011;
Ostrach et al., 2015). Absolute model ages for the NP range from ~2.5–3.7 Ga (Le Feuvre
and Wieczorek, 2011; Marchi et al., 2009; Neukum et al., 2001; Ostrach et al., 2015).
The lack of an impact basin near the NP region favors a volcanic origin of these lavas. In
fact, the NP lavas are the most likely example of an actual melt composition that can be
compositionally assessed from orbit (Vander Kaaden and McCubbin, 2015). Although
not a homogenous unit, targeted XRS analyses (Weider et al., 2015) are now available,
which show two distinct terranes within the NP region, one with higher Mg and one with
lower Mg (Tables 1–2).
The PD northeast of Rachmaninoff Basin is the largest pyroclastic deposit on
Mercury (Kerber et al., 2011) that has spatially resolved, targeted, XRS measurements
used to determine its composition (Nittler et al., 2014). It is not contained within a known
impact crater, which can be said for only 5 out of the 51 pyroclastic deposits identified on
Mercury thus far (Kerber et al., 2011; Nittler et al., 2014), making it a likely example of
partially melted mantle material on the surface of the planet (as opposed to a crustal
impact melt). Since it is a pyroclastic deposit, it is likely that some volatiles were lost
through the explosive volcanism that produced the PD (Nittler et al., 2014; Weider et al.,
2016). Possible magmatic volatile abundances required to emplace this deposit on the
surface of Mercury can be found in Kerber et al. (2011).
Because these two units likely represent melt compositions, additional
information regarding the geochemical properties of these melts are provided in Table 3.
The NP-HMg composition is peraluminous (i.e., Na2O+K2O+CaO < Al2O3) and the NPLMg and PD compositions are metaluminous (i.e., Al2O3 < (CaO + Na2O + K2O) and
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Al2O3 > (Na2O + K2O)). The low iron on Mercury lends to high Mg#’s (molar
(Mg/Mg+Fe)*100) for these three compositions ranging from 93.23–95.15. Furthermore,
the range in non-bridging oxygen’s to tetrahedrally coordinated cations in the melt
(NBO/T) (Table 3) shows the NP lavas are typically polymerized (NBO/T<1) melts and
therefore more viscous than the PD, which is less polymerized than the NP (NBOT/T>1).
The NBO/T values for the NP-LMg are consistent with the experimental results from
Sehlke and Whittington (2015). Furthermore, given this similarity, it also suggests that
the NP lavas are more viscous than Hawaiian basalts erupted at the same temperature
(Sehlke and Whittington, 2015; Sehlke et al., 2014).
The normative mineralogy for the NP regions is dominated by plagioclase,
diopside, hypersthene, and olivine with lesser amounts of orthoclase, sulfides, and MnO.
The albite content of the plagioclase in the NP-HMg is ~ 63.9–65.0 whereas the albite
content of the plagioclase in the NP-LMg is ~94.2–95.7, lending to the sodium rich
nature of the NP-LMg compared to the NP-HMg. The dominant mineralogy of this
region is consistent with the experimental results of Vander Kaaden and McCubbin
(2016). They reported that the NP boninites were derived by high degrees of partial
melting of an olivine-dominant, pyroxene- and plagioclase-bearing mantle source region.
The normative mineralogy for the PD is dominated by plagioclase (albite content
~67), olivine, and diopside with lesser amounts of orthoclase, hypersthene, MnO, and
sulfides. The formation of MnO in both compositions is due to a deficit in sulfur,
possibly from the loss of sulfur during the volcanic eruptions (Weider et al., 2016).
Figure 3 shows that the PD consistently plots away from the NP regions in terms of
normative mineralogy and rock type. Either this suggests a heterogeneous mantle on
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Mercury or that the PD was erupted from depths greater than the NP where less
plagioclase was present in the source. In order to place constraints on the thermal and
magmatic evolution of Mercury as well as physical and chemical properties of the planet
(e.g. determination of surface and mantle mineralogy; Charlier et al., 2013; Namur et al.,
2016; Vander Kaaden and McCubbin, 2015, 2016) that cannot be resolved by the
MESSENGER spacecraft, these unique geochemical units, representative of melt
compositions, warrant further experimental investigation.
4.1.2 High-Mg Region
The HMR, centered at ~30°N, 290°E, is a large (>5x106 km2) region with the
highest S/Si and Ca/Si ratios on the planet (HMR-CaS), relatively low Al/Si values,
lower elevations, and thinner than average mercurian crust (Weider et al., 2015). Our
classification of the HMR as a komatiite is consistent with the classification by Maturilli
et al. (2014) who have suggested this region is most similar to Commondale, a terrestrial
komatiite dominated by orthopyroxene instead of clinopyroxene (Wilson, 2003). The
Commondale lavas have high SiO2, low Fe, and high CaO/Al2O3 (Wilson, 2003), similar
to the chemical composition of the HMR region. However, the formation of the HMR is
still debated. Weider et al. (2015) have proposed that the komatiitic composition of the
HMR could be indicative of high-degree partial melting of a lherzolitic mantle source.
Alternatively, Weider et al. (2015) has suggested that the HMR is related to an impact
feature and the high Mg/Si is due to mantle excavation during this large impact event
more than 4.1 Ga. Given the lack of impact-like features in the HMR, if it is
representative of an impact feature, it must have been at least partially resurfaced by
volcanic activity post impact (Weider et al., 2015).
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CIPW norm calculations of the HMR and HMR-CaS result in hypersthene and
nepheline normative compositions, respectively. These normative compositions hold true
regardless of the presence or absence of Cr, Mn, and Ti. When these elements are
excluded, the HMR contains 7.46 wt% hypersthene and the HMR-CaS contains 0.67 wt%
nepheline, which is too low to be considered definitive. However, when the detection
limits from Nittler et al. (2011) are included for Cr, Mn, and Ti, the amount of
hypersthene in the HMR decreases to 0.28 wt% and the amount of nepheline in the
HMR-CaS increases to 3.10 wt%. If this difference in hypersthene vs. nepheline
normative mineralogy is correct, it could provide important information regarding the
mineralogical heterogeneity within the mercurian interior However, once the error from
these calculations is taken into account for the XRS measurements, the small amounts of
hypersthene in the HMR and nepheline in the HMR-CaS are no longer significant, so we
will not consider this possibility further. Until higher precision measurements are
attained, this difference in mineralogy cannot be accurately quantified and inferences
about the heterogeneous nature of the mantle of Mercury or petrogenesis of these two
particular regions are highly speculative.
Figure 3 shows the HMR and HMR-CaS can be classified as either
lherzolites/wehrlites or olivine gabbronorites if they are representative of plutonic rocks.
Furthermore, the HMR regions consistently plot close to the PD in both Figure 3A and
Figure 3B. Therefore, it is possible that the HMR regions were produced in a similar
manner as the PD, possibly from a deeper source region or higher degrees of partial
melting than the NP was produced. These results are consistent with Frank et al. (2016)
that a mantle excavation origin by impact is highly unlikely for this region. Based on our
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results, it is clear that the HMR regions are volcanic in origin; however, whether or not
the volcanism was impact related cannot be determined from this study.
4.2. Comparative planetary geochemistry
In order to determine the extent of petrologic diversity on Mercury, we have
compared our data to other terrestrial bodies including Earth (Lebas et al., 1986), Moon
(Lodders and Fegley, 1998), Mars (Gellert et al., 2006; McSween et al., 2009; Stolper et
al., 2013), and Vesta (Barrat et al., 2009; Lodders and Fegley, 1998; Mittlefehldt, 2015).
Although the mercurian compositions have been correctly classified above using the
High-Mg diagram (Le Bas, 2000), we have included the compositions from each body on
the TAS diagram in Figure 5 for direct comparison. As expected, rocks from Earth span
the entire range of the TAS diagram since these are the rocks on which the classification
scheme was originally based. With the exception of lunar granites (i.e., 12032,366-19
Seddio et al., 2013), lunar rocks have, on average, less than 0.5 wt% total alkalis.
Although they span a relatively wide range in SiO2 content (~20 wt% SiO2), the
consistently low amount of Na2O + K2O constrains the lunar rocks to a small field on the
TAS diagram (Figure 5). Data from Vesta was compiled using eucrite basalt samples and
impact glasses from howardites (Barrat et al., 2009; Lodders and Fegley, 1998). With the
exception of two impact glasses containing high alkalis and high SiO2 contents (shown as
small purple circles in the dacite field on Figure 5), igneous rocks from Vesta span a very
small range in total alkali contents (≤3 wt%) and SiO2 (≤9 wt%). For martian samples,
data has been compiled using orbital data (Mars Odyssey), rover data (MER, MSL), as
well as data from meteorite samples (NWA 7034, SNC’s). From Figure 5, one can see
that despite all of the data we have for Mars, there is a very small field spanning ≤6 wt%
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in total alkali contents and ≤16 wt% in SiO2. One exception to this dataset is the rock
called Jake M, which plots in the phono-tephrite field and has been classified as a
mugearite by Stolper et al. (2013). This rock is significantly different from other martian
meteorites and rocks analyzed from rovers and orbital missions, but it supports the
presence of alkaline magmas on Mars (McSween et al., 2006; Nekvasil et al., 2007;
Nekvasil et al., 2009; Stolper et al., 2013). With the planetary bodies included in this
comparison, Mercury is currently the only body that does not have an identifiable hand
sample available for analysis on Earth. The range in alkali content as well as SiO2 content
of mercurian rocks based solely on orbital data from one mission is remarkable. Although
it is possible that there could be a sample biasing issue in the current dataset for other
planetary bodies, our petrologic classification of the nine geochemical regions indicates
that Mercury’s surface is chemically evolved relative to those of the Moon, Mars, and
Vesta and is similar in diversity (with respect to range in SiO2 content) to Earth (Taylor
and McLennan, 2009).
4.2.1 Igneous rocks
The most likely examples of silicate melts on the surface of Mercury, represented
by the NP-HMg, NP-LMg, and PD, share similar characteristics to terrestrial silicate
melts with some very important differences. Boninites on Earth typically require arc
magmatism and hydrous conditions to induce melting (e.g., Cameron et al., 1983; Polat et
al., 2002). However, Vander Kaaden and McCubbin (2016) have shown eruption
scenarios for the NP that invoke high degrees of partial melting from a shallow source
region, similar to flood volcanism on Earth, in the absence of arc magmatism and
hydrous conditions to produce the large volume of boninitic lava on the surface of the
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planet observed in the NP. Furthermore, Figure 6 demonstrates that the compositions of
most of the geochemical regions investigated here fall within a forsterite, enstatite, albite
triangle on the TAS diagram. Therefore, the composition of mercury’s interior is likely
similar to major rock-forming minerals that compose other planetary mantles. Moreover,
no exotic petrogenetic scenarios are required to get these mercurian melts to the surface,
albeit they may differ from typical petrogenetic scenarios observed on other planetary
bodies.
4.2.2 Regolith
Regolith is considered to be “a general term for the layer or mantle of fragmental
and unconsolidated rock material, whether residual or transported and of highly varied
character, that nearly everywhere forms the surface of the land and overlies or covers
bedrock” (Bates and Jackson, 1980). Regolith is typically the product of mixing on a
planetary surface and likely represents an average surface composition. This
unconsolidated, fragmented material is abundant across the surface of Mercury and
defines the IT geochemical region in this study. As stated previously, the IT falls very
close to the komatiite-boninite boundary using the IUGS classification scheme. The
mineralogy of this regolith, based on CIPW normative calculations, includes over 50 wt%
plagioclase (~59 Ab), over 30 wt% hypersthene, and variable amounts of diopside (~4
wt%) and olivine (~2-5 wt%). Minor components present in the regolith include sulfides
and orthoclase with possible MnO depending on the amount of Cr, Mn, and Ti present in
this region. The IT is most similar in normative mineralogy to the HAl and CB regions.
In comparison with the other geochemical regions we have defined in this study, the IT is
hypersthene and olivine normative, consistent with the majority of these regions.
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However, the IT contains more opx than any other region on Mercury and typically
contains more plagioclase with the exception of the NP-LMg, HAl, and CB regions. This
regolith component also has a similar amount of sulfides to the other geochemical regions
defined in this study (Figures S2 and S3) suggesting an even distribution of sulfur across
the planet. Since the IT region in this study composes the majority of the mercurian
surface, plagioclase and opx likely dominate the surface of Mercury with lesser amounts
of cpx, sulfides, olivine, and silica. Given the olivine normative nature of this material,
silica exists in the mercurian regolith at subordinate abundances to olivine. This is
consistent with the models of Stockstill-Cahill et al. (2012) that suggested the surface of
Mercury is mainly composed of Mg-rich orthopyroxene and plagioclase.
Table 4 compares the composition of the lunar regolith, martian regolith, the
Earth’s regolith, and the regolith of Vesta with that of Mercury (i.e. crosses in Figure 5).
The lunar regolith was determined using lunar meteorite data from Korotev et al. (2003)
which takes into account the composition of the feldspathic highlands terrane, which is
significantly far away from the lunar mare and procellarum KREEP terrane, and
representative of the average lunar crust. The martian regolith composition was
determined using the bulk matrix composition from the martian regolith breccia NWA
7034 (Santos et al., 2015), which is the most representative sample of the martian crust
(i.e., Agee et al., 2013). For Earth’s upper crust composition, we used the suggested
composition in Rudnick and Gao (2003), which takes into account numerous analyses of
loess and previously published values for the Earth’s upper continental crust. The reader
is referred to Table 3 in Rudnick and Gao (2003) for a full description on how this
composition was determined. The regolith of Vesta was calculated by averaging only the
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howardites classified as being regolithic: Bholghati, Bununu, Jodzie, Kapoeta, and
Malvern classified by Warren et al. (2009), and EET 87513, GRO 95535, GRO 95602,
LEW 85313, and MET 00423 classified by Mittlefehldt et al. (2013) from the
compositions provided in Mittlefehldt (2015) and references therein. In comparison to
these other terrestrial regolith’s, the regolith on Mercury, represented by the IT (Table 4),
has the highest MgO, Na2O, and S, and the lowest FeO. The other oxides (e.g. SiO2, CaO,
Al2O3, and K2O) are intermediate among terrestrial planetary regoliths.
Normative mineralogy of these planetary regoliths (Table S4) show similar
minerals present on the surface of these planetary bodies including plagioclase,
orthoclase, diopside, and hypersthene. However, ilmenite and apatite are present on these
planetary bodies and likely excluded from surface mineralogy of Mercury (Evans et al.,
2015, Riner et al., 2010; Figure 2). The high SiO2 of the IT, which is greater than all
terrestrial bodies considered in Table 4 with the exception of the Earth, gives the
impression that Mercury is a more evolved planetary body. The Earth is believed to have
reached its Si-rich surface composition through plate tectonics and processes involving
liquid water (Campbell and Taylor, 1983), but Mercury is “evolved” without such
processes. However, the high SiO2 on Mercury is a primitive signature and a direct
consequence of the low oxygen fugacity of the planet. Under such highly reducing
conditions, the majority of the Fe in the planet will partition into the core (Hauck et al.,
2013). This results in very low abundances of iron in the silicate portion of the planet.
When a major oxide component is removed from the silicate, in this case, FeO, all other
components increase proportionally, and SiO2 is most affected because it is the most
abundant oxide component. Importantly, some Si is also lost to the core due to the highly
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reducing conditions, but this process primarily affects the Mg/Si ratio of the bulk silicate
and is likely an explanation for the primary mantle mineral in Mercury being forsterite
instead of enstatite (Vander Kaaden and McCubbin, 2016). Table 5 shows all of the
compositions of Table 4 renormalized after FeO has been removed to better illustrate this
point. When this calculation is done, Mercury now only has higher SiO2 contents than the
Moon and is average among the terrestrial planets. From this comparison, it is clear that
Mercury is an endmember among the terrestrial planetary bodies and although similar
processes have operated on Mercury to produce the IT that have produced the regolith on
the Moon, Earth, Mars, and Vesta, the low oxygen fugacity of Mercury has resulted in a
vastly different regolith composition than what is typically seen in the inner Solar
System.
5. Conclusion
The results from this study indicate that Mercury has a diverse set of rocks on its
surface, especially when compared with other terrestrial bodies. From this investigation,
we infer a wide range of SiO2 content, alkali content, and major element compositions
across Mercury’s surface. CIPW normative calculations of nine geochemical regions on
the surface of Mercury allow us to gain insight into the mineralogy of the planet, which is
likely dominated by plagioclase, pyroxene, and olivine, with minor amounts of quartz.
Although these minerals are similar to those found on other planetary bodies, their
chemical compositions are vastly different, most notably the low abundance of iron and
high abundance of sodium and magnesium in mercurian compositions. Our petrologic
classification of the nine geochemical regions as komatiites or boninites indicates that
Mercury’s surface is more diverse relative to those of the Moon, Mars, and Vesta, and is
25

similar (with respect to range in SiO2 content) to Earth (Taylor and McLennan, 2009). In
fact, Mercury may represent the only other example of a planet in our Solar System with
vast amounts of andesitic crust exposed at the surface. The formation of Earth’s evolved
crust is normally associated with plate tectonics and the presence of water. These two
factors, however, were likely not involved with the formation of Mercury’s crust, and the
high SiO2 content is primitive in nature. The study of Mercury’s crustal compositions
may therefore provide important new insights into crustal evolution mechanisms. The
results of this investigation into the mineralogical, petrological, and geochemical
compositions of the mercurian surface, yet again, support the endmember nature of this
planet.
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Figure 1. Identification of geochemical regions defined by XRS. White areas indicate
regions not considered in our calculations.
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Figure 2. Pie charts reflecting the CIPW normative calculations of the nine geochemical
regions using only the measured values of Cr, Mn, and Ti. Plag-plagioclase, orthoorthopyroxene, ol-olivine, cor-corundum, diop-diopside, hyp-hypersthene, nephnepheline.
34

Figure 3. IUGS rock classification diagrams for plutonic rocks. CIPW normative
calculations of silicate mineralogies for the HMR, HMR-CaS, NP-HMg, NP-LMg, and
PD displayed on (A) clinopyroxene (cpx) – olivine (ol) – orthopyroxene (opx) ternary
diagram and (B) olivine – plagioclase (plag) – pyroxene (pyx) ternary diagram.
Clinopyroxene is defined as the diopside in the CIPW normative mineralogy calculations
and opx is defined as the hypersthene in the CIPW normative mineralogy calculations.
The pyx in Figure 3B is the sum of these values.
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Figure 4. Total alkali versus silica diagram for nine distinct geochemical units on
Mercury. Dashed line is at 52 wt% SiO2. Shaded region >52 wt% SiO2 represents
boninites. Unshaded region <52 wt% SiO2 represents komatiitic compositions.
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Figure 5. Total alkali versus silica diagram for rocks on Earth, Mars, Moon, Vesta, and
Mercury. The shaded region for Mercury was determined by enclosing the nine distinct
geochemical units represented in Figure 4. Data for Mars, Moon, and Vesta are from
(Barrat et al., 2009; Gellert et al., 2006; Lodders and Fegley, 1998; McSween et al., 2009;
Stolper et al., 2013). Crosses represent the average regolith compositions given in Table
4.
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Figure 6. Total alkali versus silica diagram containing endmember minerals forsterite
(Fo), enstatite (En), and Albite (Ab). Fields for mercurian geochemical regions are the
same as those in Figure 4.
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Table 1. Average compositions (wt%) for nine distinct geochemical units on Mercury
using only reported values for Ti, Mn, and Cr.

HMR

HMRCaS

NPHMg

NPLMg

RB

PD

HAl

CB

IT

SiO2

51.81

50.50

54.89

60.70

52.40

53.08

55.42

58.86

55.89

MgO

24.15

25.14

20.28

12.50

23.42

21.81

16.50

13.05

17.94

CaO

7.00

7.76

5.58

5.43

6.84

7.46

5.73

5.70

5.74

Al2O3

10.05

9.27

12.57

12.16

10.45

11.72

16.78

16.59

14.06

K2O

0.16

0.16

0.24

0.18

0.16

0.16

0.16

0.09

0.11

Na2O

3.51

3.51

3.51

6.47

3.51

3.51

3.51

3.51

3.51

FeO

1.99

2.19

2.02

1.62

1.94

1.98

0.97

0.99

1.84

TiO2

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.46

0.00

CrO

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

MnO

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

S

2.67

2.96

1.80

1.88

2.57

0.57

1.88

1.52

1.81

-O=S

1.33

1.48

0.90

0.94

1.28

0.28

0.94

0.76

0.90

Total

100.00

100.00

100.00

100.00

100.00

100.00

100.00

100.00

100.00

Wt% Si

24.22

23.61

25.66

28.37

24.50

24.81

25.90

27.51

26.13

Total
Alkalis

3.66

3.66

3.75

6.65

3.66

3.66

3.66

3.60

3.62
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Table 2. Average compositions (wt%) for nine distinct geochemical units on Mercury
using the detection limit of Ti, Mn, and Cr from Nittler et al. (2011) and Weider et al.
(2015) as an upper limit if these elements were not reported.

HMR

HMRCaS

NPHMg

NPLMg

RB

PD

HAl

CB

IT

SiO2

50.52

49.27

53.44

58.87

51.08

51.72

53.94

58.00

55.41

MgO

23.54

24.52

19.75

12.13

22.82

21.25

16.06

12.86

17.79

CaO

6.82

7.57

5.43

5.27

6.66

7.27

5.58

5.62

5.70

Al2O3

9.80

9.04

12.24

11.79

10.19

11.42

16.34

16.35

13.93

K2O

0.16

0.16

0.24

0.18

0.16

0.16

0.16

0.09

0.11

Na2O

3.51

3.51

3.51

6.47

3.51

3.51

3.51

3.51

3.51

FeO

1.94

2.14

1.97

1.57

1.89

1.93

0.94

0.97

1.83

TiO2

1.18

1.15

1.25

1.38

1.20

1.21

1.26

0.45

0.52

CrO

0.62

0.60

0.65

0.72

0.62

0.63

0.66

0.71

0.17

MnO

0.61

0.59

0.65

0.71

0.62

0.62

0.65

0.70

0.13

S

2.60

2.89

1.75

1.82

2.50

0.56

1.83

1.50

1.79

-O=S

1.30

1.44

0.87

0.91

1.25

0.28

0.91

0.75

0.90

Total

100.00

100.00

100.00

100.00

100.00

100.00

100.00

100.00

100.00

Wt% Si

23.61

23.03

24.98

27.52

23.88

24.18

25.21

27.11

25.90

Total
Alkalis

3.66

3.66

3.75

6.65

3.66

3.66

3.66

3.60

3.62
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Table 3. Silicate melt parameters for three distinct volcanic units. M: Metaluminous
(Al2O3 < (CaO + Na2O + K2O) and Al2O3 > (Na2O + K2O)). P: Peraluminous
(Na2O+K2O+CaO < Al2O3). NBO/T: Nonbridging oxygen per tetrahedrally coordinated
cation.
NP-HMg

NP-LMg

PD

P

M

M

94.70

93.23

95.15

Alkalinity Index

0.48–0.49

0.89–0.94

0.51–0.58

NBO/T

0.98–1.0

0.67–0.71

1.16–1.30

Alumina Saturation
Mg # (molar �

𝑴𝑴𝑴𝑴

𝑴𝑴𝑴𝑴+𝑭𝑭𝑭𝑭

� ∗ 𝟏𝟏𝟏𝟏𝟏𝟏)
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Table 4. Composition of regolith for the Moon (Korotev et al., 2003), Mars (Santos et al.,
2015), Earth (Rudnick and Gao, 2003), Vesta (Mittlefehldt, 2015; Mittlefehldt et al.,
2013; Warren et al., 2009) and Mercury (this study).
Oxide

Moon

Mars

Earth

Vesta

Mercury

SiO2

44.80

50.40

66.45

49.62

55.89

MgO

5.41

12.19

2.47

13.79

17.94

CaO

16.34

5.73

3.58

7.14

5.74

Al2O3

28.26

11.10

15.36

8.69

14.06

K2O

0.03

0.54

2.79

0.30

0.11

Na2O

0.35

3.03

3.26

0.31

3.51

FeO

4.41

14.94

5.03

18.34

1.84

TiO2

0.22

0.70

0.64

0.44

0

Cr2O3

0.10

0.00

0.13

0.63

0

MnO

0.06

0.35

0.10

0.53

0

P2O5

0.03

1.01

0.15

0.06

0

S

0.00

0.00

0.06

0.29

1.81

-O=S

0.00

0.00

0.03

0.14

0.9

Total

100.00

100.00

100.00

100.00

100.00
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Composition of regolith for the Moon (Korotev et al., 2003), Mars (Santos et al.,
2015), Earth (Rudnick and Gao, 2003), Vesta (Mittlefehldt, 2015; Mittlefehldt et al.,
2013; Warren et al., 2009) and Mercury (this study) renormalized once all FeO is
removed.

Table 5.

Oxide

Moon

Mars

Earth

Vesta

Mercury

SiO2

46.86

59.26

69.98

60.76

56.94

MgO

5.66

14.33

2.60

16.89

18.28

CaO

17.09

6.74

3.77

8.74

5.85

Al2O3

29.56

13.05

16.18

10.65

14.32

K2O

0.03

0.63

2.94

0.37

0.11

Na2O

0.37

3.56

3.43

0.38

3.58

FeO

0.00

0.00

0.00

0.00

0.00

TiO2

0.23

0.82

0.67

0.53

0.00

Cr2O3

0.10

0.00

0.14

0.77

0.00

MnO

0.06

0.41

0.11

0.65

0.00

P2O5

0.03

1.19

0.16

0.07

0.00

S

0.00

0.00

0.06

0.36

1.84

-O=S

0.00

0.00

0.03

0.18

0.92

Total

100.00

100.00

100.00

100.00

100.00
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Supplementary Figures
Figure S1.

Figure S1. Pie charts reflecting the CIPW normative calculations of the nine
geochemical regions using the detection limits from Nittler et al. (2011) and Weider et al.
(2015) as upper limit values for Cr, Mn, and Ti. Abbreviations are the same as Figure 2.
44

Figure S2.

Figure S2. Pie charts reflecting the CIPW normative sulfide calculations of the nine
geochemical regions using only the measured values for Cr, Mn, and Ti.
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Figure S3.

Figure S3. Pie charts reflecting the CIPW normative sulfide calculations of the nine
geochemical regions using the detection limits from Nittler et al. (2011) and Weider et al.
(2015) as upper limit values for Cr, Mn, and Ti.
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Supplementary Tables
Table S1. Elemental Ratios used for Calculations (wt. ratios)
HMR

HMRCaS
0.642157

0.207846
9
0.1288

NPHMg
0.4767
52
0.1554
93
0.2592
92
0.2

NPLMg
0.2657
33
0.1367
32
0.2268
04
0.15

RB

PD

HAl

CB

IT

0.576471

0.53

0.199459
5
0.225852
6
0.1288

0.21
5
0.25

0.384103
7
0.158052
5
0.342930
4
0.1288

0.285999
2
0.148068
2
0.319126
5
0.0754

0.414156
7
0.157152

2.6

2.6

2.6

4.8

2.6

2.6

2.6

2.6

2.6

Mg/
Si
Ca/S
i
Al/S
i
K
(wt
%)
Na
(wt
%)
Fe/S
i
Ti/Si

0.601204
2
0.206423
3
0.219685
7
0.1288

0.063977
83
0.03

0.072069
68
0.03

0.0613
37
0.03

0.0443
39
0.03

0.061586
79
0.03

0.06
2
0.03

0.029113
92
0.03

0.027874
02
0.01

0.054883
67
0.03

Cr/S
i
Mn/
Si
S/Si

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.02

0.110233
4

0.125505
8

0.0700
45

0.0661
79

0.104792
8

0.02
3

0.072475
14

0.055170
63

0.069268
85

0.234819
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0.12
88

0.284730
6
0.0952

Table S2. CIPW Norm Calculations (wt%) for Each Geochemical Region*
*Compositions contain only the measured amounts of Cr, Mn, and Ti. H=Hypersthene,
Ol=Olivine, Qtz=Quartz
HMR
FeS
TiS2
MgS
CaS
Quartz
Plagioclase

2.44
0.00
2.91
0.28
0.00
40.89

HMRCaS
2.68
0.00
3.23
0.33
0.00
37.52

Orthoclase
Nepheline
Corundum
Diopside
Hypersthen
e
Olivine

0.95
0.00
0.00
17.47
7.46

0.95
0.67
0.00
21.90
0.00

27.60

32.71

Total

100.0

100.0

Sulfides
Normative

5.64
H
Ol

6.25
N
Ol

NPHMg
2.48
0.00
1.46
0.13
0.00
47.5
3
1.42
0.00
0.00
7.28
28.3
4
11.3
6
100.
0
4.07
H
Ol

NPLMg
1.98
0.00
1.83
0.27
0.00
58.35

RB

PD

HAl

CB

IT

2.37
0.00
2.78
0.27
0.00
41.99

1.56
0.00
0.00
0.00
0.00
45.45

1.19
0.00
2.32
0.27
0.44
57.09

1.21
0.64
1.12
0.16
7.90
57.33

2.26
0.00
1.60
0.17
0.00
51.96

1.06
0.00
0.00
17.35
17.55

0.95
0.00
0.00
16.04
11.45

0.95
0.00
0.00
16.59
6.09

0.95
0.00
0.80
0.00
36.96

0.53
0.00
0.59
0.00
30.51

0.65
0.00
0.00
4.34
37.13

1.62

24.17

29.37

0.00

0.00

1.89

100.0

100.0

100.0

100.0

100.0

100.0

4.07
H
Ol

5.42
H
Ol

1.56
H
Ol

3.78
H
Qtz

3.14
H
Qtz

4.03
H
Ol
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Table S3. CIPW Norm Calculations (wt%) for Each Geochemical Region*
*Compositions contain the detection limit of Cr, Mn, and Ti from Nittler et al., (2011) as
upper limit estimate. H=Hypersthene, Ol=Olivine, Qtz=Quartz
HMR
FeS

2.38

HMR
-CaS
2.61

NPHMg
2.41

NPLMg
1.92

RB

PD

HAl

CB

IT

2.32

3.98

1.16

1.19

2.24

CrS

0.76

0.74

0.81

0.89

0.77

0.00

0.82

0.88

0.21

TiS2

1.66

1.62

0.98

1.36

1.68

0.00

1.77

0.63

0.73

MnS

0.75

0.73

0.00

0.00

0.76

0.00

0.21

0.86

0.16

MgS

0.36

0.75

0.00

0.00

0.20

0.00

0.00

0.07

0.68

CaS

0.03

0.08

0.00

0.00

0.02

0.00

0.00

0.01

0.07

Quartz

0.00

0.00

0.00

0.00

0.00

0.00

0.00

6.12

0.00

Plagioclase

40.21

32.42

46.63

57.34

41.28

44.63

57.38

57.53

51.63

Orthoclase

0.95

0.95

1.42

1.06

0.95

0.95

0.95

0.53

0.65

Nepheline

0.00

3.10

0.00

0.00

0.00

0.00

0.00

0.00

0.00

Corundum

0.00

0.00

0.00

0.00

0.00

0.00

0.25

0.28

0.00

Diopside

18.04

22.43

6.30

17.18

16.67

16.49

0.00

0.00

4.71

Hypersthen
e
Olivine

0.28

0.00

23.51

9.78

4.04

4.24

30.02

31.91

34.24

34.59

34.58

15.95

8.74

31.34

29.71

6.99

0.00

4.67

Sphene

0.00

0.00

1.35

1.01

0.00

0.00

0.00

0.00

0.00

MnO

0.00

0.00

0.65

0.71

0.00

0.00

0.48

0.00

0.00

Total

100.0

100.0

100.0

100.0

100.0

100.0

100.0

100.0

100.0

Sulfides

5.94

6.53

4.20

4.17

5.74

3.98

3.95

3.64

4.09

Normative

H

N

H

H

H

H

H

H

H

Ol

Ol

Ol

Ol

Ol

Ol

Ol

Qtz

Ol
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Table S4. CIPW Norm Regolith Compositions (wt%)

Moon

Mars

Earth

Vesta

Quartz

0.00

0.00

22.15

0.00

Plagioclase

78.48

40.73

44.41

24.18

Orthoclase

0.18

3.19

16.50

1.78

Diopside

4.40

5.55

0.00

11.29

Hypersthene

9.12

25.56

14.40

57.61

Olivine

7.33

21.29

0.00

3.55

Ilmenite

0.42

1.33

1.22

0.84

Apatite

0.07

2.34

0.35

0.14

Pyrite

0.00

0.00

0.13

0.61

Total

100.00

100.00

100.00

100.00
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Chapter 2
Exotic crust formation on Mercury: Consequences of a shallow,
FeO-poor mantle
In collaboration with
Francis M. McCubbin1,2
1

Institute of Meteoritics, Department of Earth & Planetary Sciences, University of New
Mexico, Albuquerque, NM 87131, USA. 2NASA Johnson Space Center, Mailcode XI2,
2101 NASA Parkway, Houston, TX 77058, USA.
Citation: Vander Kaaden, K.E., and McCubbin, F.M. (2015) Exotic crust formation on
Mercury: consequences of a shallow, FeO-poor mantle. Journal of Geophysical
Research: Planets, 120, 195-209, doi: 10.1002/2014JE004733
Abstract:
The range in density and compressibility of mercurian melt compositions was
determined to better understand the products of a possible mercurian magma ocean and
subsequent volcanism. Our experiments indicate that the only mineral to remain buoyant
with respect to melts of the mercurian mantle is graphite; consequently, it is the only
candidate mineral to have composed a primary floatation crust during a global magma
ocean. This exotic result is further supported by Mercury’s volatile-rich nature and
inexplicably darkened surface. Additionally, our experiments illustrate that partial melts
of the mercurian mantle that compose the secondary crust were buoyant over the entire
mantle depth and could have come from as deep as the core-mantle boundary.
Furthermore, Mercury could have erupted higher percentages of its partial melts
compared to other terrestrial planets because magmas would not have stalled during
ascent due to gravitational forces. These findings stem from the FeO-poor composition
and shallow depth of Mercury’s mantle, which has resulted in both low melt density and
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a very limited range in melt density responsible for Mercury’s primary and secondary
crusts. The enigmatically darkened, yet low-FeO surface, which is observed today can be
explained by secondary volcanism and impact processes that have since mixed the
primary and secondary crustal materials.

Keywords: Mercury, Graphite floatation crust, sink-float

1. Introduction
The terrestrial planets that comprise our inner solar system, including the Moon,
are all rocky bodies that have differentiated into a crust, mantle, and core. Furthermore,
all of these bodies have undergone various igneous processes since their time of primary
crust formation. These processes have resurfaced each of these bodies, at least in part,
resulting in the production of a secondary crust. Mercury, however, exhibits evidence that
it may differ from this typical structure. Since its first flyby encounter with Mercury on
January 14, 2008, the MErcury Surface, Space ENvironment, GEochemistry and Ranging
(MESSENGER) spacecraft has been collecting data on the structure, chemical makeup,
and density of the planet among other important characteristics [Solomon et al., 2001].
Recent MESSENGER-based observations have suggested that Mercury is made up of a
crust, mantle, iron sulfide (FeS) layer, and core [Hauck et al., 2013; Smith et al., 2012].
The core of Mercury is likely dominated by iron; however, the high metal-silicate ratio of
Mercury, along with the low inferred abundance of FeO [≤4 wt%; Nittler et al., 2011;
Weider et al., 2012] in the silicate portion of Mercury further supports it as an endmember among the terrestrial planets and as a unique case of planetary differentiation.
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If present, the solid FeS layer is at the top of the liquid outer core where this
component would be buoyant relative to the Fe-rich metal core beneath it [Hauck et al.,
2013]. The potential existence of this layer has important implications for the distribution
of heat-producing elements in the planet’s interior [McCubbin et al., 2012], the impact on
partitioning of Si and other light elements into the core [Chabot et al., 2014; Gessmann et
al., 2001; Javoy et al., 2010; Li and Agee, 2001; Malavergne et al., 2010; Ricolleau et al.,
2011; Tsuno et al., 2013], and the general thermal and magmatic evolution of the planet
[Hauck et al., 2013]. Above this possible layer is the mantle of Mercury. On Earth, the
mantle extends to about ~3480 km depth (~135 GPa) [Dziewonski and Anderson, 1981].
The metal-silicate ratio of the Earth is similar to the other terrestrial planets, as
exemplified by the similarity in the normalized mean moment of inertia (I/mr2) values
[Ramsey and Blackett, 1948]. On Mercury, the boundary between the silicate portion of
the planet and this metal portion beneath it has been estimated to be approximately 4–7
GPa (420 ± 30 km) [Hauck et al., 2013]. This shallow mantle depth places restrictions on
the depth of origin of magmatic materials, as well as the mantle mineralogy. Another
interesting feature discovered with data from the MESSENGER spacecraft is the low iron
and high sulfur (both approximately 1 to 4 wt%) on the surface of Mercury [Evans et al.,
2012; Nittler et al., 2011; Weider et al., 2012; Weider et al., 2014b]. These constraints
lead to estimates of very low computed oxygen fugacity between 2.6 and 7.3 log10 units
below the Iron-Wüstite buffer [McCubbin et al., 2012; Zolotov et al., 2013], which is the
lowest oxygen fugacity yet estimated for the terrestrial planets, representing yet another
end-member characteristic of the innermost planet.
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With the recent estimates of Mercury’s surface composition from the X-Ray
Spectrometer (XRS) and Gamma-Ray Spectrometer (GRS) onboard MESSENGER, we
now have our first opportunity to directly investigate the compositions of lavas on the
planet, and indirectly investigate the chemical make-up of its interior, as well as its
thermal and magmatic evolution [Evans et al., 2012; Evans et al., 2014; Nittler et al.,
2011; Peplowski et al., 2011; Peplowski et al., 2012a; Peplowski et al., 2012b; Peplowski
et al., 2014; Weider et al., 2012; Weider et al., 2014a; Weider et al., 2014b]. One
particular region of interest on Mercury is the northern volcanic plains (NVP). The NVP
are smooth plains [Denevi et al., 2013] of reported volcanic origin that cover more than
6% of the surface area of Mercury [Head et al., 2011]. Spanning a 4.7 x 106 km2 region
of Mercury, this distinct geologic unit is less cratered than surrounding areas and the
largest product of flood volcanism that has been assessed from orbit by MESSENGER
[Head et al., 2011]. The NVP region is similar in composition to flood basalts and
komatiites on Earth, as demonstrated by similar Mg/Si, Al/Si, and Ca/Si ratios [Weider et
al., 2012], although FeO abundances in the mercurian lavas are substantially lower
[Weider et al., 2012]. Flood volcanism on Earth is generally produced by partial melting
of mantle material that is erupted onto the surface of the planet. By inference, the NVP
lavas are the most likely example of melt compositions derived from the mercurian
interior that can be assessed compositionally from orbit. Therefore, they represent the
best candidate for experimental examination.
Knowledge of the density, compressibility, and other physical properties of magmas
is required to understand the differentiation of planetary interiors, and subsequent
primary and secondary crust formation. In this study, we performed sink-float
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experiments on a NVP melt composition (Table 1) in order to determine the density of
secondary magmas from Mercury. Although there is some evidence that suggests this
unit is not completely homogeneous [Peplowski et al., 2012a; Weider et al., 2015], the
composition assessed from orbit is still broadly representative of mercurian melts.
Therefore, given that these experiments represent the first experimental investigation of a
suspected mercurian lava composition, these data will be able to provide first-order
estimates of the density of melts on Mercury. The density of this melt was then compared
with the density and compressibility of primitive low-FeO peridotite and komatiite melt
compositions to constrain the full range of mercurian melt densities that span from an
analog for the mercurian magma ocean liquid (Fe-free peridotite) to partial melts of the
mantle (NVP lavas). The densities of these liquids were subsequently compared to
densities of a number of rock-forming minerals over the pressure range of the mercurian
mantle (up to 7 GPa) to better constrain the thermal and magmatic evolution of Mercury.
2. Experimental Methods
Experiments were conducted using the sink-float technique [Agee and Walker,
1988] to generate a full compression curve for a NVP melt composition (Table 1). We
have experimentally investigated a melt with substantially more FeO than is found as the
global average on the surface of Mercury and by inference, substantially higher than the
bulk FeO content of the mercurian mantle. Consequently, the melt density we report is an
upper estimate for mercurian melt compositions. Furthermore, the result of each
experiment does not provide a direct measurement of the density of the liquid at the
experimental conditions but rather gives an open ended bracket on the density. Sinking
spheres, referred to as a “sink”, indicate the density markers are denser than the melt
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whereas floating spheres, referred to as a “float”, are inferred to be less dense than the
melt. However, if there is no movement of the spheres (a “neutral buoyancy”), this
observation is interpreted to indicate the density of the spheres is equivalent to that of the
melt. Using this technique, the precise density of the liquid is best defined by a neutral
buoyancy bracketed by a sink at slightly lower pressures and a float at slightly higher
pressures. This method has been used to successfully bracket the density of silicate
liquids at high-pressures [Agee and Walker, 1993; Agee, 1998; Circone and Agee, 1996;
Knoche and Luth, 1996; Smith and Agee, 1997; Suzuki et al., 1998; van Kan Parker et al.,
2011; Vander Kaaden et al., 2015].
All experiments were conducted at the Institute of Meteoritics (IOM), University
of New Mexico (UNM). A Walker-style multi-anvil (MA) device was used for all
experiments. Density markers were crystals of well-characterized minerals with a
diameter of 330–700 µm, ground to spheres using a Bond Air Mill. For all our sink-float
experiments (2.5–6 GPa), forsterite-rich olivine spheres were used.
2.1 Starting Materials
The synthetic starting material for the northern volcanic plains melt composition
was prepared at the IOM using high-purity reagent grade powdered oxides and silicates,
which were mixed sequentially by volume and ground under ethanol using an automated
agate mortar and pestle. All Fe in the mixtures was added as FeO in the form of synthetic
fayalite. The reader is referred to Vander Kaaden et al. [2015] for details on the
preparation of the synthetic fayalite. A super-liquidus experiment was run on the
synthetic composition to check that the mixture was of the appropriate bulk composition
and to ensure homogeneity was maintained throughout the mixing process. The bulk
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composition for the synthetic melt as well as the targeted composition can be found in
Table 1. Our NVP melt composition is free of volatile components (S, Na2O, and K2O)
and has a higher value of FeO than reported by Nittler et al. [2011] and Weider et al.
[2014b]. The volatile components have been left out of the starting material to ensure
homogenization of our experimental charge under the short run conditions required for
sink-float experiments (30 seconds). In addition, S was excluded from the experiments
because S solubility is highly dependent on oxygen fugacity in silicate melts [Berthet et
al., 2009], and it is unlikely that the experimental charge would have reached redox
equilibrium and incorporate the appropriate amount of S in the silicate melt structure
within the 30 second run of the sink-float experiments. The higher concentration of FeO
allows us to investigate an upper limit in terms of density for mercurian magmas.
Although we excluded S, Na, and K from our starting composition, all three components
would decrease the density of the NVP melt (Figure 1) [i.e. Agee, 2008]. Consequently,
the addition of S, Na, and K, which are present in significant quantities on the mercurian
surface [Nittler et al., 2011; Peplowski et al., 2012a; Weider et al., 2012], would cause
this melt to become less dense than reported here, so our experiments are truly exploring
an upper limit melt density for the NVP lavas.
2.2. Sink-Float Experiments
Each experiment was set up by packing the starting material into a Mo0 or
graphite capsule and placing two mineral spheres, which served as density markers, at the
top and bottom of the capsule. A ceramic octahedron made from Ceramcast-584 was used
as the pressure medium. Rhenium foil was used as a heater and Type C
(W5Re95/W26Re74) thermocouple was located on the center of the outer surface of the
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heater. Two Al2O3 spacers were placed in the heater with an aluminum sheath
surrounding the capsule so it sat directly in the center of the octahedron. The octahedron
was surrounded with 8 tungsten carbide cubes each with a truncation-edge-length of 8
mm and placed in the hat-box of the MA. The reader is referred to Agee et al. [1995] for
pressure calibrations of our MA device.
The sample was then pressurized and rapidly heated at 200–300 °C per minute to
super-liquidus temperatures (approximately 1700–2050 °C depending on desired
pressure). The experiments were held at the elevated P-T conditions for 30–60 seconds to
allow the synthetic powder adequate time to melt and for the spheres to be driven up or
down in the capsule by buoyancy forces. The longer run durations (60 seconds) were
typically repeat experiments to ensure a neutral buoyancy was in fact neutral and the lack
of movement was not due to sluggish buoyancy reactions. Experiments were limited to
these short run durations to prevent dissolution of the spheres into the melt, which would
drive the melt composition from the target composition being investigated. The sample
was quenched by shutting off the power to the furnace and allowing the run to
decompress gradually. The average rate of cooling was approximately 285 °C/s.
3. Analytical Techniques
All run products were set in epoxy and then ground using sand paper with various
grit sizes (53.5 µm, 36 µm, 23.6 µm, and 16 µm) until the mineral spheres were exposed.
Once exposed, the samples were polished to 0.3 µm before subsequent micro-beam
analysis.
3.1. Electron Probe Microanalysis
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The polished run products, including quenched materials and mineral spheres,
were carbon coated and analyzed at UNM using a JEOL 8200 Electron Probe
Microanalyzer (EPMA). Samples were analyzed using an accelerating voltage of 15 KeV
and a beam current of 20 nA. A broad beam (10–20 µm) was used for glass analyses
whereas a focused 1 µm beam was used for the analysis of mineral density markers. The
quenched melt was analyzed to determine the composition and to assess for any
melt/capsule or melt/sphere interactions. The spheres were analyzed around the center to
confirm composition and near the edges to ensure there was no sphere/melt interaction.
Standards used for analysis include natural olivine from the Taylor standard reference
block (Type 202-52; produced by the C. M. Taylor Corporation, Sunnyvale, CA) for the
olivine spheres, as well as almandine (analyzed for Al, Fe, Si), augite (Si, Al, Ca, Mg),
chromite (Cr), olivine (Mg, Si, Fe), orthoclase (Si), pyrope (Cr, Mg, Ca, Si), titanite (Ti),
and spessartine (Mn). A synthetic CaMoO4 was used to determine the amount of MoO2
contamination in the glasses from the capsule material for all runs. Peak and background
count times were 20 seconds and 10 seconds, respectively for major elements and 30
seconds and 15 seconds, respectively for minor elements.
3.2. Micro-Fourier Transform Infrared Spectroscopy
To determine the amount of H2O in our “nominally dry” runs, 2 experimental
charges from MA experiments on the same composition were removed from their epoxy,
mounted, and doubly polished for quantitative micro-Fourier transform infrared (microFTIR) spectroscopic measurements. Micro-FTIR measurements were conducted on the
experimental glass products at room temperature in transmittance mode with a Nicolet
Nexus 670 Fourier Transform Infrared Spectrometer in the IOM at UNM following
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procedures similar to McCubbin et al. [2008]. The interior of the IR unit was in an
atmosphere purged of H2O and CO2, which eliminated atmospheric absorption features.
Prior to each analysis, all spots were first assessed using an optical microscope to make
certain only glass was being measured during any given analysis. Transmittance IR
spectra were collected over the mid-IR range (400–4000 cm-1) from doubly polished thin
sections of the run products using a Continuum microscope with a Globar source, XTKBr beamsplitter, and a MCT/A detector over a 100 × 100 µm area with a 4 cm-1
resolution. Thicknesses for each sample were obtained by focusing a reflected aperture
on the top surface of the sample and then the bottom surface of the sample and recording
the z-axis position of the mapping stage in the Atlus software. These arbitrary units were
converted to micrometers using an empirical calibration determined specifically for our
instrument [Berger, 2012]. Background spectra were collected under the same conditions
before each analysis. Total dissolved water concentrations were determined for each glass
using the calculation scheme of Mandeville et al. [2002] as well as the intensity of the
broad OH band at 3570 cm-1. 1024 scans were performed for each IR spectrum that we
acquired.
4. Density Calculations
A well-defined equation of state is needed to determine the density of the spheres
at the experimental pressure and temperature conditions. Additionally, in order to assess
the density of this NVP melt, equation of states were used to determine the densities of
many common rock-forming minerals that could be present within the mercurian interior.
The densities of the mineral markers in each experiment (olivine), as well as common
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rock-forming minerals, were calculated using the 3rd-order Birch-Murnaghan equations of
state [Birch, 1947]:
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For these equations, KT is in GPa and T is in Kelvin. In equation (1) P is pressure, K’ is
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Parameters used for each mineral are found in Table 2. The main uncertainty of the
sink/float method is the calculation of sphere density through use of these equations,
which is estimated at ±0.03 g/cm3 [Circone and Agee, 1996].
5. Results
5.1. EPMA and FTIR Results
EPMA analyses of each run product are given in Table 3. The compositions of the
melts from experiment to experiment are consistent. The Al2O3 content is slightly higher
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than our starting material (Table 1) most likely due to slight contamination from the
Al2O3 ceramic inner parts of the octahedron assembly. The higher MgO content of our
final melt compositions may be the result of partial dissolution of the olivine spheres into
our melt at the high temperatures of these experiments. The high MoO2 analyses in NVP4 and NVP-11 is likely due to the presence of small, unavoidable, molybdenum metal
blebs interspersed through the experimental charges and do not likely reflect Mo
dissolved in the silicate melt [e.g., Burkemper et al., 2012].
Once the composition of the melts were assessed, our data were normalized to
1450 °C in order to relate the density of our experiments to each other using an
isothermal Birch-Murnaghan equation of state. This was done by first taking the
difference between the 1-bar density of the experimental charge at the P-T conditions of
the run (ρliq) and the 1-bar density of the ideal starting composition if no interactions
occurred during the experiment between the melt, capsule, and density markers (ρideal liq)
at this temperature. The density of each data point was then shifted by this difference
assuming the shape of the density curve would be the same regardless of temperature
(i.e., shifted either up or down). The same procedure is used to correct for compositional
differences between the ideal starting composition (Table 1) and the actual composition
of the melt during the run determined by EPMA. The normalized values are given in
Table 3. Additionally, the two MA experiments that were used to determine the amount
of H2O present in our “dry” experiments ranged in thicknesses from 48–120 µm. MicroFTIR analyses of the glasses in these experiments indicates consistent water contents of
~0.3 wt% H2O.
5.2. Sink-Float Results
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Results from our sink-float experiments are shown in Figure 2. Fo100 spheres
sank in this melt at 2.5 GPa, 3.0 GPa, 3.5 GPa, and 5 GPa and temperatures of 1700 °C,
1775 °C, 1775 °C, and 1950 °C, respectively. These same Fo100 spheres floated in this
melt at 6 GPa and 2050 °C indicating forsterite is more dense than the mercurian melt up
to 5 GPa. A straight line has been fit to the data, instead of an equation of state, to define
the maximum compressibility of this melt at 0.08 g/cm3/GPa, although we acknowledge
that the true compression curve is likely represented by a curved line. This line indicates
that the NVP lavas are slightly more compressible than a terrestrial komatiite (0.075
g/cm3/GPa) or peridotite (0.065 g/cm3/GPa) melt [Agee and Walker, 1988; 1993],
although a more realistic compression curve would essentially match terrestrial komatiite
and peridotite.
6. Discussion
6.1. Range of Mercurian Melt Density
Due to the high amount of FeO and absence of light elements like Na, K, and S in
our experimental starting composition, the melt density we report is an upper bound on
that of mercurian melt compositions. In an attempt to span the entire range of mercurian
melts, we have computed the density of an FeO-free end-member NVP composition to
determine the lower limit of mercurian melt density (Figure 3). Since we do not have any
primitive samples of the mercurian interior, and subsequently do not know if the NVP
composition is representative of all mercurian melts, we have considered common
terrestrial materials that may be similar to mercurian mantle melts, including a peridotite
and komatiite. However, these terrestrial liquids typically range in FeO content from ~5–
11 wt% FeO [Agee and Walker, 1993], which exceeds the FeO abundances of mercurian
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surface materials [Chabot et al., 2014; Charlier et al., 2013; Nittler et al., 2011; Weider
et al., 2012; Weider et al., 2014b]. Therefore, it is more realistic to consider an FeO-free
peridotite and an FeO-free komatiite as possible terrestrial analogs for mercurian melts.
As a result, the total range of mercurian melt densities can be constrained by the density
of Fe-free peridotite, Fe-free komatiite, and both Fe-bearing and Fe-free NVP lavas. This
calculation was performed by first subtracting all of the iron out of the peridotite and
komatiite compositions from Agee and Walker [1993] and renormalizing the
compositions. A 1-bar density was then calculated from Lange and Carmichael [1987].
These FeO-free 1-bar densities, along with the bulk modulus and pressure derivative
values from Agee and Walker [1993] for a peridotite and komatiite, respectively were
used along with the 3rd-order Birch-Murnaghan equation of state [Birch, 1947] to
calculate the density of each FeO-free composition. The computation of the FeO-free
end-member NVP composition was conducted in a similar fashion.
These melts demonstrate a very narrow range of melt density for the silicate
portion of the planet Mercury. Furthermore, the melt density is much lower than melts
from other planetary bodies (Table 4) [Agee and Walker, 1993; Agee, 1998; Bertka and
Fei, 1997; Misawa, 2004; Vander Kaaden et al., 2015; Warren et al., 1996]. The limited
melt density range and overall low melt density has important implications for the
internal structure of Mercury’s mantle and for the formation of primary and secondary
crustal materials discussed below.
6.2. How easily can mercurian melts rise through the mantle?
In the Earth’s mantle, there is a region where partial melts of the mantle are no
longer buoyant with respect to surrounding mantle minerals due to the higher
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compressibility of silicate liquids as a function of pressure compared to most common
mantle minerals. The depth at which this occurs is referred to as a density crossover. This
depth within a planetary interior has important implications for the ability and likelihood
of silicate melts to eventually erupting onto the surface of the planet. To determine where
these crossovers exist in the mercurian mantle, we compared the range in melt density for
Mercury (Section 6.1) with the densities of many common rock-forming minerals that
could be present within the mercurian interior (Figure 4). Pertinent equations and
parameters are given in Section 4 and Table 2. Due to the low expected FeO in Mercury’s
interior, Mg-rich end-members were chosen as they will be the least dense form of each
mineral solid-solution series. Upon examination of common rock-forming minerals, we
found that there is a density crossover at ~6.8 GPa with our melt and Fo100. Given the
range of core-mantle boundary conditions from Hauck et al. [2013], however, this
crossover should occur near the base of the mantle, or in the core of the planet, and would
not inhibit the rise of any mercurian magmas through the mantle. Furthermore, there is no
density crossover between the NVP melt and Mg-rich pyroxenes, garnet, or spinel, which
are all common minerals in other terrestrial planetary mantles [Bertka and Fei, 1997;
Neal, 2001; Ringwood, 1966; 1975; Smith et al., 1970; Wood et al., 1970] and therefore
candidate minerals for Mercury’s mantle.
It is also possible that plagioclase and quartz are present in the mercurian mantle
[Brown and Elkins-Tanton, 2009], so they were also included among the minerals we
investigated. There is a density crossover with the NVP melt and An50 at ~1.9 GPa.
Consequently, if this melt originated from deeper than ~1.9 GPa in a plagioclase
dominated source region, it would sink into the interior of Mercury. However,
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plagioclase is not stable at pressures greater than ~1 GPa [i.e. Green and Hibberson,
1970], so this density crossover would not inhibit the eruption of mercurian melts.
Additionally, Figure 4 shows that this mercurian melt would be buoyant in a mantle
consisting of quartz, since SiO2 is consistently denser than the NVP melt. As a result of
the locations of each density crossover, our data indicate partial melts of the mercurian
mantle are buoyant in a mantle consisting of olivine, pyroxene, garnet, spinel, anorthite,
and quartz in any proportions. This illustrates the extreme buoyancy conditions of
mercurian melts, and it indicates that partial melts of Mercury’s mantle could rise and
eventually erupt from depths as deep as the core-mantle boundary of the planet.
Furthermore, partial melts of the mercurian interior would be less likely to stall during
ascent, indicating Mercury may have erupted a greater percentage of its partial melts in
comparison to other terrestrial planets, although other geophysical factors may have
impeded magmatic eruptions on Mercury [e.g., Byrne et al., 2014]. On Earth, the depth at
which density crossovers occur for peridotite and mantle olivine are at much greater
pressure [~10 GPa; Agee and Walker, 1993] that are not reached in the mercurian mantle.
Importantly, Mercury represents the first terrestrial planet in our Solar System that does
not contain regions within its mantle where partial melts would be more dense than the
surrounding minerals, due to the compositionally distinct (low FeO) magmas coupled
with the shallow depth of the mercurian mantle.
6.3. Role of Graphite in Magmatic Evolution of Mercury
It has been suggested that Mercury differentiated through a magma ocean event in
which substantial heating and melting of the planet took place [Brown and Elkins-Tanton,
2009; Riner et al., 2009] (Figure 5a). On the Moon, we see evidence of a global lunar
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magma ocean through the presence of a primary anorthositic crust. According to existing
lunar magma ocean crystallization models, plagioclase began to crystallize after about
75% crystallization [Snyder et al., 1992] and was buoyant with respect to the FeO-rich
residual melt, leading to plagioclase floatation and the formation of a primary
anorthositic floatation crust [Jolliff et al., 2000]. The low FeO content and limited density
range of mercurian melts prohibits nearly all rock-forming minerals from forming a
primary floatation crust on Mercury with the exception of graphite (Figures 3–4);
therefore, it is the only candidate mineral that could have composed a primary floatation
crust on Mercury.
The volatile-rich nature of Mercury’s silicate portion, as determined by elevated
K/Th and near chondritic K/Cl ratios [Evans et al., 2014; Peplowski et al., 2011;
Peplowski et al., 2012a; Peplowski et al., 2014] lends support to the idea of volatile-rich
phases in the mercurian mantle. Consequently, Mercury may be enriched in carbon
compared to other terrestrial planets [Murchie et al., 2015; Peplowski et al., 2015].
Elemental carbon phases, including diamond and graphite, occur in a wide variety of
planetary materials from Earth, Moon, Mars, and asteroids [Hirschmann and Withers,
2008; Shirey et al., 2013; Steele et al., 2010; Warren and Kallemeyn, 1992] so it is not
unreasonable to postulate the existence of elemental carbon on Mercury. The density
difference between graphite and diamond in Mercury’s interior, however, is of critical
importance in the assessment of a possible floatation crust because only graphitic carbon
would have a sufficiently low density to float in a mercurian magma ocean. Mercury’s
shallow mantle results in a limited P-T profile that does not span into the diamond
stability field (Figure 6). Graphite is therefore the stable phase of elemental carbon
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throughout the silicate portion of Mercury, which is a primary pre-requisite to a graphite
floatation crust. Elemental carbon has yet to be definitively detected on the mercurian
surface by the MESSENGER GRS [Peplowski et al., 2015] and it is beyond the detection
capabilities of MESSENGER’s XRS. There is also absence of diagnostic spectral
absorption features that suggest the presence of C in reflectance spectra. If primary
elemental carbon is present on Mercury, it will primarily be in the form of graphite and
not diamond, although diamond could be present via formation by secondary processes
such as impact or addition through late accretion.
The existence of graphite within the silicate portion of Mercury is dependent upon
many factors, some of which are difficult to constrain. These include the initial C content
of bulk Mercury, the distribution of C between Mercury’s core and mantle, and whether
or not Mercury’s core was initially C-saturated. Consequently, we look to both theoretical
and empirical evidence to support or refute the idea of a primary floatation crust of
graphite on Mercury. Although carbon likely represents one of the light elements
incorporated into Mercury’s core, metal-silicate partitioning studies of C at the specific
P-T-fO2 conditions of core formation on Mercury have not been determined. This
remains the primary limiting factor to making estimates of the C abundances in the bulk
silicate portion of Mercury. Regardless, at least some C would be incorporated into the
silicate portion of Mercury as dissolved C-O, C-H, or carbonyl species or as a solid phase
if the outer core and silicate liquid were C-saturated [Dasgupta, 2013]. Carbon solubility
in silicate melts is exceedingly low under highly reducing conditions [Dasgupta et al.,
2013], so graphite saturation would occur fairly early after the onset of magma ocean
crystallization, and once formed, buoyancy forces would drive this graphite towards the

68

surface of the magma ocean (Figure 5b). If Mercury’s magma ocean had elevated
hydrogen abundances, the magma ocean liquid would have a higher C solubility [Ardia et
al., 2013], which would delay the inevitable formation of graphite.
Assuming a graphite floatation crust formed on Mercury, the thickness and extent
of that crust would be dictated by the amount of C allocated to the silicate portion of the
planet and the efficiency of graphite floatation. Although we do not know how much
carbon was originally in the mantle of Mercury, we can model the thickness of a graphite
floatation crust as a function of the C abundance in the bulk silicate portion of the planet
(Figure 7) using the parameters listed in Table 5 and the equations that follow. Assuming
the entire inventory of carbon, C, in the silicate portion of Mercury floats to the surface
due to buoyancy factors to produce a crust of homogeneous thickness over the entire
surface of the planet, the thickness of that graphite floatation crust can be calculated by
the following equation:
4
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where T is the thickness of a graphite floatation crust in m, R is the radius of Mercury in
m, 𝑤𝑤𝑤𝑤𝐶𝐶 is the weight of carbon in the mantle in kilograms, and 𝜌𝜌𝑐𝑐 is the density of
graphite in kg/m3. 𝑤𝑤𝑤𝑤𝐶𝐶 is defined as:
𝐶𝐶
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where 𝜌𝜌𝑚𝑚 is the density of the mantle in kg/m3, 𝑉𝑉𝑚𝑚 is the volume of Mercury’s mantle in
m3, and C is the weight percent of carbon in the mantle. 𝑉𝑉𝑚𝑚 is defined as:
4
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where 𝑅𝑅𝑐𝑐 is the radius of Mercury’s core in m.

From this model, we have estimated the upper limit of the thickness of a graphite

floatation crust using the abundances of C in carbonaceous chondrites, as Mercury is
unlikely to have superchondritic abundances of C. Lodders and Fegley [1998] report a
range of C abundances in carbonaceous chondrites with CI chondrites containing the
most C (3.45 wt%) and CK chondrites containing the least C (0.22 wt%). Using these
values, we have estimated that Mercury could have a primary floatation crust of graphite
as thick as ~1–21 km if its bulk silicate had as much C as carbonaceous chondrites.
However, even if Mercury had much less C, similar to the abundances estimated to be in
the mantles of Earth or Mars, Mercury could still have had a primary graphite floatation
crust that was 1-100 m in thickness (Figure 7). Once the carbon concentration in the bulk
silicate portion of Mercury is better constrained, through future exploration and/or
experimental studies, a more robust estimate of the thickness of this graphite floatation
crust can be made using equations 5–7 and the results of this model depicted in Figure 7.
A primary graphite floatation crust on Mercury, albeit exotic, is supported by the dark
color of Mercury’s surface and the existence of low reflectance material covering at least
15 % of its surface (> 4 million km2 [Denevi et al., 2009]). If quartz and anorthite were
primary components of Mercury’s floatation crust [Brown and Elkins-Tanton, 2009],
neither would produce a darkening effect. In fact, one would expect the surface of
Mercury to approach the brightness of the lunar highlands with the addition of these two
constituents, which is not consistent with MESSENGER data nor telescopic observations
and analyses of the mercurian surface. It has been suggested that this low reflectance
material could be composed of opaque minerals, namely iron metal, iron-titanium oxides,
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graphite, and sulfides [Denevi et al., 2009; Robinson et al., 2008; Xiao et al., 2013].
However, Fe-Ti oxides were ruled out as the source of the low reflectance material
mainly due to the low abundance of Fe and Ti from MESSENGER XRS and GRS data
[Nittler et al., 2011; Riner et al., 2010; Riner et al., 2011]. Furthermore, sulfides and iron
metal have been largely ruled out as the darkening agent because both of these materials
redden the UV-VIS spectrum while darkening, whereas the slope of UV-VIS spectra
from Mercury are blue [Blewett et al., 2013; Murchie et al., 2015]. In contrast, nanophase
Fe metal particles may not cause reddening and therefore cannot be ruled out as a
darkening agent [Lucey and Riner, 2011]. By the process of elimination, Murchie et al.
[2015] concluded that the low reflectance material on Mercury may be composed of
coarse grained graphite, which would act as a darkening agent without reddening the
slope. The source of this graphite, as well as the overall dark appearance of Mercury’s
surface, can be explained by a primary floatation crust on Mercury composed of graphite
that was subsequently mixed with secondary materials by impact gardening (Figure 5d).
7. Conclusion
Following planetary differentiation and the formation of a primary crust on
Mercury, partial melting in the mantle along with subsequent volcanism has resurfaced
the majority of the planet (Figure 5c) [Denevi et al., 2009; Denevi et al., 2013; Head et
al., 2011]. Given the low and limited range of density of mercurian melts (Figure 3), as
well as the absence of density crossovers between these melts and possible mantle
minerals (Figure 4), there are no restrictions on the depth of origin for these lavas.
Therefore, eruptive volcanic products could have originated from as deep as the coremantle boundary of Mercury. Additionally, partial melts of the mercurian interior would
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be less likely to stall during ascent, indicating Mercury may have erupted a greater
percentage of its partial melts in comparison to other terrestrial planets. Consequently,
Mercury’s extreme mantle composition and exceptionally shallow mantle may have led
to exotic primary and secondary crust production, including a possible primary graphite
floatation crust that was subsequently covered by secondary magmas derived from depths
of melting as deep as the core-mantle boundary (Figure 5c). The primary crust, secondary
crust, and upper mantle have since been excavated and mixed by impact processes
[Rivera-Valentin and Barr, 2014], as evidenced by the large number of craters observed
on Mercury’s surface [Fassett et al., 2011], leading to the complex, chemically
enigmatic, darkened surface that is observed today (Figure 5d).
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Figure 1. Comparison of the density of the northern volcanic plains composition with
FeO and FeS melts. The maroon line is FeS melt [Nishida et al., 2011] and the purple line
is FeO melt [Anderson and Ahrens, 1994]. The density of the NVP melt (same as Figures
2 and 3) is shown by the bold black line. The calculated 1-bar density (red crossed circle)
for this composition at 1450 °C is 2.58 g/cm3 [Lange and Carmichael, 1987; Ochs and
Lange, 1999]. Downward facing orange triangles represent sinking of Fo100 spheres and
the upward pointing blue triangle represents floating of Fo100 spheres. The addition of S
into our mixture would decrease the density of our melt, confirming that the volatile-free
composition is an upper estimate of melt density on Mercury.
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Figure 2. Experimental sink-float results for the NVP melt composition at T=1450 °C.
The solid black line represents the best fit straight line to these data. Symbols are the
same as in Figure 1.
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Figure 3. Comparison of the densities of possible mercurian magma ocean melts. The
NVP (black solid line) has been plotted using the data from Figure 2 as a maximum
density end-member and removing all of the iron (black dashed line) for a minimum
density end-member. Terrestrial analog melts including a FeO-free komatiite (blue
dashed line) [Agee and Walker, 1993] and FeO-free KLB-1 peridotite (orange dashed
line) [Agee and Walker, 1993] are shown. The FeO-free melts were plotted by calculating
the 1-bar densities for the normalized FeO-free versions of each composition and
constructing a parallel offset based on the density differences with the FeO-bearing
compositions. All curves are plotted at their respective liquidus temperatures. The shaded
region in Figure 4 was constructed using the highest and lowest densities of these lines as
the outer boundaries over the given pressure range. Although we do not know an exact
composition of a mercurian magma ocean, this data shows that graphite (green shaded
region) will be buoyant relative to the molten bulk silicate of the mercurian mantle. Onebar densities were calculated using Lange and Carmichael [1987].
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Figure 4. Comparison of the densities of possible mercurian magma ocean (MMO) melts
to common rock-forming minerals, including graphite (green line), An50 (purple line),
quartz (blue line), forsterite (red line), diopside (pink line), enstatite (maroon line),
pyrope (orange line), and spinel (turquoise line). All mineral density lines are derived
from 3rd-order Birch-Murnaghan equations of state at 1450 °C. The density of the
possible mercurian magma ocean melt range refers to the melt region outlined in Figure
3.
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Figure 5. Cartoon illustrating the stages of a mercurian magma ocean and subsequent
primary and secondary crust formation. a) Molten mantle (orange) and formation of the
core (gray) and hypothesized FeS layer (yellow) at the base of the mantle. b)
Crystallization of the magma ocean continues with low-FeO cumulates sinking to the
base of the mantle (light green) and the formation of a primary graphite floatation crust
(black). c) Continued crystallization followed by subsequent partial melting (orange) and
volcanism to produce a secondary crust (light green). d) Impacts to the planet have
exposed portions of the mantle (green), as well as mixed the primary (black) and
secondary crusts (dark gray), resulting in a darkened and spectrally neutral surface
observed on Mercury today. The thickness of the graphite floatation crust is presently
unknown, but it can be estimated as a function of the C abundance of the bulk silicate
portion of Mercury (Figure 7). The thickness of the graphite floatation crust has been
exaggerated for the purposes of this cartoon and does not appear in realistic proportions
relative to the size of Mercury’s core, mantle, and secondary crust.
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Figure 6. P-T phase diagram for carbon, displaying the phase boundary between graphite
and diamond, the pressure range of the mercurian core-mantle boundary (gray regions
taken, according to Hauck et al., [2013]), and liquidus curves for forsterite, terrestrial
peridotite (KLB-1), enstatite, and a CV3 carbonaceous chondrite (Allende). The dashed
lines represent various experimentally determined phase boundaries between graphite and
diamond. The pink dashed line comes from Clausing [1997], the red dashed line comes
from Bundy et al. [1961], the yellow dashed line is from Kennedy and Kennedy [1976],
and the blue dashed line is from Bundy et al. [1996]. Data for each of the liquidus curves
come from the following sources, forsterite (green) is from Presnall and Walter [1993],
KLB-1 (purple) is from Herzberg and Zhang [1996], enstatite (red) is from Boyd et al.
[1964], and Allende (dark blue) is from Agee et al. [1995].
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Figure 7. Thickness of possible graphite floatation crust (meters) as a function of carbon
content (ppm) in the bulk silicate portion of Mercury. The model was computed using the
parameters in Table 5 but assuming an average mantle density of 3.2 g/cm3. The
thickness of the line represents the range of graphite density (2.09 g/cm3 to 2.26 g/cm3)
used in the calculation. Since the abundance of carbon in the bulk silicate portion of
Mercury is unknown, the carbon content of various meteorites [Lodders and Fegley,
1998] as well as ranges for carbon in the silicate portions of the Moon [McCubbin et al.,
2015], the Earth [Lodders and Fegley, 1998], and Mars [Hirschmann and Withers, 2008]
are plotted for comparison.
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Table 1. Composition of the ideal northern volcanic plains (S- and alkali-free) and the
starting composition of our mixture in weight percent determined from a superliquidus
experiment. Ideal composition calculated and normalized from XRS data in Nittler et al.
[2011] and Weider et al. [2012].

Run Number

Ideal Composition

NVP-1

Capsule

Graphite

Pressure (GPa)

3.0

Temperature (°C)

1750

Oxides (Wt%)
SiO2

57.71

56.67

TiO2

1.35

1.22

Al2O3

13.46

14.40

Cr2O3

0.79

0. 37

FeO

5.20

5.16

MgO

15.20

14.43

MnO

0.70

0.68

CaO

5.59

5.26

Total

100.00

98.19
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Table 2. Equation of state parameters for calculating sphere density, mantle mineral
density, and melt density. Adapted from Circone and Agee [1996] and van Kan Parker et
al. [2011]. a Jacobs and De Jong [2007], b Liu and Li [2006], c Suzuki [1975], d Graham
et al. [1988], e Isaak et al. [1993], f Suzuki et al. [1981], g Smyth [1975], h Hazen [1977] i
Conrad et al. [1999], j Sumino and Anderson [1984], k Skinner [1966], l Zhang et al.
[1999], m Hugh-Jones and Angel [1994] –valid up to 4 GPa, n Calculated from HughJones [1997], o Schutt and Lesher [2006], p Fried et al. [2002], q Angel [2004], r Fei
[1995], s Colonna et al. [2011], t Dewaele et al. [2008], u Nishida et al. [2011], v
Anderson and Ahrens [1994].

K’

α0
(E-05)
(K-1)

α1
(E09)
(K-1)

α2
(K-1)

ρ298
(g/cm3)

-0.02b

4.8a

3.034

7.422

-5.381E-01c

134.6d

-0.024d

5.2e

0.2386

11.53

-0.518E01f,g,h

3.229
XFoh
4.417
XFah

171.32i

-0.0258j

3.22i

2.311

5.956

-4.538E-01k

MgSiO3

95.8m

-0.0274n

14.9m

2.947

2.694

-0.5588K

MgCaSi2O6o

110.5

-0.0205

4.8

2.32

18.8

0

198

-0.015

5.05

1.85

9.75

-0.365

27.02

-0.0041

3.8

271.85q

-0.0408q

3.2q

1.39r

0.597r

0r

K298
(GPa)

dK/dT
(GPa/K)

Mg2SiO4

127.5a

Fe2SiO4
Mg2Al2Si3O12

MgAl2O4o
SiO2p
(CaAl2Si2O6)0.5(NaAlSi2O8)0.5
C (Graphite)s

87.08

31.52

C (Diamond)t

444.5

4.18

FeSu liquid

2.5

-0.0036

24

109.7

-0.043

4.66

FeOv

liquid
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Table 3. Experimental run conditions for northern volcanic plains sink-float experiments.
This table gives the experimental run number, the sphere used in the experiment, the
pressure (P) and temperature (T) of the experiment, the experimental sink-float result,
and the number of EPMA analyses (n) conducted on each melt. The number in
parentheses represents one standard deviation of the analyzed value. Also given are the
average EPMA oxide compositions (wt%) and totals, the densities of the liquids from
each experimental charge at the P-T conditions of each experiment (ρliq), the densities of
the ideal liquids at each P-T (ρideal liq), the densities of the individual spheres (ρsphere), and
the calculated densities at 1450 °C.
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Run
Number

NVP-2

NVP-7

NVP-3

Capsule

Graphite

Molybdenum

Graphite

Sphere

Fo100

Fo100

Fo100

Fo100

Fo100

P (GPa)

2.5

3.0

3.5

5.0

6.0

T (°C)

1700

1775

1775

1950

2050

Result

Sink

Sink

Sink

Sink

Float

n

8

21

15

23

19

SiO2

55.85
(1.33)

56.42 (0.45)

55.68
(1.47)

55.80 (0.89)

55.95 (1.36)

TiO2

1.14 (0.05)

1.20 (0.04)

1.14 (0.10)

1.17 (0.05)

1.18 (0.10)

Al2O3

14.56
(0.64)

13.75 (0.52)

13.41
(0.70)

14.06 (0.93)

12.47 (0.70)

Cr2O3

0.67 (0.05)

0.67 (0.01)

0.69 (0.05)

0.71 (0.05)

0.66 (0.02)

FeO

4.83 (0.18)

5.07 (0.07)

4.76 (0.27)

5.03 (0.27)

4.93 (0.13)

MgO

16.05
(1.18)

14.93 (0.27)

17.59
(2.39)

16.47 (1.95)

16.89 (0.92)

MnO

0.63 (0.03)

0.67 (0.02)

0.63 (0.04)

0.65 (0.05)

0.64 (0.02)

CaO

5.00 (0.15)

4.85 (0.09)

4.80 (0.49)

5.06 (0.34)

4.82 (0.16)

MoO2

0.00 (0.00)

0.52 (0.23)

0.00 (0.02)

1.22 (0.51)

1.20 (1.86)
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NVP-4

NVP-11

Molybdenum Molybdenum

Total

98.73
(0.44)

98.07 (0.29)

98.70
(0.40)

100.19 (0.49)

98.72 (0.72)

ρliq

2.55

2.54

2.55

2.54

2.56

ρideal liq

2.55

2.54

2.54

2.51

2.50

ρsphere

3.05

3.05

3.04

3.03

3.00

ρideal 1450C

2.58

2.58

2.58

2.58

2.58

ρsphere1450C

3.08

3.09

3.07

3.08

3.02

Table 4. One-bar densities of planetary melts (T at 1450°C)
1-bar density (g/cm3)
[calculated from Guo et al.,
2013; Guo et al., 2014; Lange
and Carmichael, 1987; Liu
and Lange, 2001; Ochs and
Lange, 1999]

Total range of melt density
at 1 bar (ρmax – ρmin)
(g/cm3)

Mercury (this study)

2.51–2.58

0.07

Earth [Agee and
Walker, 1993; Agee,
1998]

2.64–2.83

0.19

Moon [Vander
Kaaden et al., 2015]

2.75–3.08

0.33

Mars [Bertka and Fei,
1997; Misawa, 2004;
Warren et al., 1996]

2.78–2.91

0.13

Planetary body
(reference)
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Table 5. Input parameters used to calculate thickness of graphite floatation crust using
equations 5–7.
Parameter
Radius of Mercury (R)
Radius of Mercury Core (Rc)
Mantle Density (ρm) (min)
Mantle Density (ρm) (max)
Carbonaceous Chondrite
Carbon Abundance (C) (min)
Carbonaceous Chondrite
Carbon Abundance (C) (max)
Density of Graphite (ρc) (min)
Density of Graphite (ρc) (max)

Value
2440 km
2020 km
2800 kg/m3
3600 kg/m3
0.2 wt%

Reference
Hauck et al. [2013]
Hauck et al. [2013]
Hauck et al. [2013]
Hauck et al. [2013]
Lodders and Fegley [1998]

3.45 wt%

Lodders and Fegley [1998]

2090 kg/m3
2260 kg/m3
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Chapter 3
The origin of boninites on Mercury: An experimental study of the
northern volcanic plains lavas
In collaboration with
Francis M. McCubbin1,2
1

Institute of Meteoritics, Department of Earth & Planetary Sciences, University of New
Mexico, Albuquerque, NM 87131, USA. 2NASA Johnson Space Center, Mailcode XI2,
2101 NASA Parkway, Houston, TX 77058, USA.
Citation: Vander Kaaden, K.E., and McCubbin, F.M. (2016) The origin of boninites on
Mercury: An experimental study of the northern volcanic plains lavas. Geochimica et
Cosmochimica Acta, 173, 246–263, doi: 10.1016/j.gca.2015.10.016

Abstract
Phase equilibrium experiments were conducted on a synthetic rock composition
matching that of the northern volcanic plains of Mercury as measured by the MErcury
Surface, Space ENvironment, GEochemistry and Ranging spacecraft (MESSENGER).
The northern volcanic plains are smooth plains of suspected volcanic origin that cover
more than 6% of the surface area of Mercury. The northern volcanic plains are less
cratered than their surroundings and reported to be the product of flood volcanism,
making them a prime candidate for experimental study. The bulk composition of the
northern volcanic plains is that of an alkali-rich boninite and represents the first silicaenriched crustal terrain identified on an extraterrestrial planet from orbital data. Phase
equilibrium experiments were conducted over the pressure range of the mercurian mantle
(0.5–5 GPa) at very low oxygen fugacity (~ΔIW0 to -7) using a piston-cylinder apparatus
(P 0.5–1.7 GPa) and a Walker-style multi-anvil device (P ≥ 2.5 GPa). Our results indicate
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the origin of the northern volcanic plains lavas (boninites) are best explained by high
degrees of partial melting of an olivine-dominant, pyroxene- and plagioclase-bearing
mantle source at low pressure (≤1.4 GPa) and does not require hydrous melting to
achieve the silica-enriched melt composition. The formation mechanism for boninites on
Mercury contrasts substantially with terrestrial boninites, which typically occur in
oxidized and hydrous arc environments associated with subduction zones. Instead,
mercurian boninites form at exceptionally low oxygen fugacity and do not require
melting of hydrated source materials. The NVP lavas represent a novel mechanism by
which planetary bodies can form silica-enriched secondary crusts without the aid of
water.

Key Words: MESSENGER, northern volcanic plains, phase equilibria, oxygen fugacity

1. Introduction
With the recent estimates of Mercury’s surface composition from the X-Ray
Spectrometer (XRS) and Gamma-Ray Spectrometer (GRS) onboard the MErcury
Surface, Space ENvironment, GEochemistry and Ranging (MESSENGER) spacecraft,
we now have our first opportunity to directly investigate the compositions of lavas from
the planet Mercury and indirectly investigate the chemical make-up of Mercury’s interior
(Coffin and Eldholm, 1994; Evans et al., 2015; Evans et al., 2012; Nittler et al., 2013;
Nittler et al., 2011; Peplowski et al., 2014; Peplowski et al., 2012; Weider et al., 2015;
Weider et al., 2014; Weider et al., 2012). Recent compositional information from
Mercury’s surface indicates high amounts of sulfur (up to 4 wt%) and relatively low
amounts of iron (≤ 4 wt%) (Nittler et al., 2011; Peplowski et al., 2012; Riner et al., 2010;
94

Weider et al., 2012), consistent with magmatism occurring under highly reducing
conditions [i.e. 7 to 3 log10 units below the iron-wüstite (IW) buffer] (McCubbin et al.,
2012; Zolotov et al., 2013). Under such reducing conditions, one would expect the
majority of the Fe within the planet to partition into the core. Although Fe has been
detected on the surface of Mercury, the low oxygen fugacity could indicate that the bulk
of the iron on the surface is in the form of metallic iron and/or sulfides. XRS and GRS
measurements of Mercury’s surface from MESSENGER commonly have footprints that
overlap several geologic terrains, so determining an appropriate melt composition for
experimental study is a complicated process; however, the northern volcanic plains
(NVP) on Mercury may represent an important exception.
The NVP are smooth plains of suspected volcanic origin that cover more than 6–
7% of the surface area of Mercury (Head et al., 2011; Ostrach et al., 2015). Spanning a
4.7 x 106 to 107 km3 region of Mercury, this unit is less cratered than its surroundings and
purported to be the product of flood volcanism (Head et al., 2011; Ostrach et al., 2015).
Although there is some evidence that suggests this unit is not completely homogeneous
(Peplowski et al., 2012; Weider et al., 2015), it is the largest volcanic province that has
been assessed from orbit by MESSENGER. On Earth, flood volcanism is generally
produced by partial melting of mantle material that is erupted onto the surface of the
planet. The NVP region has previously been described as being similar to flood basalts
and komatiites on Earth, based on similar Mg/Si, Al/Si, and Ca/Si ratios (Weider et al.,
2012). The estimated volume of magma that composes the NVP (determined in Head et
al., 2011; Ostrach et al., 2015) falls within the volume estimated for the terrestrial Deccan
Lavas (3–8.5 x 106 km3) and the Siberian Traps (4 x 106 km3), but the volume of the NVP
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is much greater than other large volcanic fields on Earth including the Karoo-Ferrar
Province (0.3 x 106 km3) and the Columbia River Basalts (0.175–1.3 x 106 km3) (Coffin
and Eldholm, 1994; Fedorenko et al., 2000; Fedorenko et al., 1996; Hooper and
Hawkesworth, 1993; Peate, 1997; Sen, 2001; Takahahshi et al., 1998). A schematic
comparison of the average relative volumes of magma from each terrestrial flood
volcanic province along with the NVP on Mercury is provided in Figure 1. Flood
volcanic provinces on Earth are generally tholeiitic in composition, require high degrees
of partial melting, and melted at low pressure (2–4 GPa) (Coffin and Eldholm, 1994;
Fedorenko et al., 2000; Fedorenko et al., 1996; Hooper and Hawkesworth, 1993; Peate,
1997; Sen, 2001; Takahahshi et al., 1998), although it is not yet clear whether these
characteristics are applicable to flood volcanism on Mercury. In the present study, we
experimentally investigate the high pressure phase equilibria of the NVP lavas to gain
insight into their petrogenetic history, including source region mineralogy and possible
depth and temperature of melting. However, before we conduct experimental work on the
NVP lavas, we must first determine an appropriate composition for the NVP lavas as well
as an appropriate petrologic characterization of that composition using the most recent
XRS and GRS results from MESSENGER for the NVP region.
1.1 Composition and Petrologic Classification of the Northern Volcanic Plains Lavas
The most recent XRS and GRS footprints published by the MESSENGER team
that specifically targeted the NVP region were used to determine an average composition
of the NVP lavas. Specifically we used Mg/Si, Al/Si, Ca/Si, Fe/Si, and S/Si values from
XRS reported in Weider et al. (2014), Na/Si values from GRS corresponding to 80–90 °N
latitude reported in Peplowski et al. (2014), and K values from GRS reported in
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Peplowski et al. (2012). The abundances of Ti, Mn, and Cr have not been reported for the
NVP lavas; therefore we used the XRS detection limits for these elements reported by
Nittler et al. (2011) as the upper limit concentrations of these elements.
In order to determine the composition of the NVP lavas from the elemental ratios
reported by XRS, the absolute abundance of Si is required; however, the uncertainty on
Si abundance measurements from GRS on Mercury is prohibitively high for determining
precise surface compositions (i.e., 24.6 ± 7%; Evans et al., 2012); therefore a model
abundance of approximately 25% Si has typically been used (Nittler et al., 2011; Weider
et al., 2014; Weider et al., 2012), which is within the uncertainty of GRS measurements
of Si (Evans et al., 2012). Next, the valence of each element is assigned (i.e., Si4+, Ti4+,
Al3+, Cr2+, Fe2+, Mn2+, Mg2+, Ca2+, Na+, K+, S2-) and a corresponding abundance of O2- is
determined such that the resulting composition is charge balanced. If the assumptions are
valid and no major constituent elements were excluded, the resulting sum of
oxides/sulfides should be near 100 wt%. However, the oxide/sulfide totals for the
northern volcanic plains are low, even when the upper limit concentrations for Mn, Ti,
and Cr are included (~95 wt%). Carbon and chlorine could make up some of this deficit
given recently reported detections (or high minimum-detection limits in the case of C;
Peplowski et al., 2015) from the MESSENGER GRS/NS instrument (Evans et al., 2015;
Murchie et al., 2015; Peplowski et al., 2015); however there are no targeted analyses for
C in the NVP region, and Cl abundances are approximately 0.35 ± 0.13 wt% in the region
of 80–90° N, which does little to make up the deficit in totals. Unless C abundances are at
or near its three-sigma detection limit of 4.1 wt% in the NVP (Peplowski et al., 2015), it
is unlikely that the deficiency in totals can be explained by any missing major elements in
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the NVP composition, so there is either a problem with the valence assignments or the
model value for Si. Given that Mercury is a highly reduced planet, we first consider the
valence assignments. Fe, Cr, and Ti all experience a change in valence state over the
oxygen fugacity range exhibited by Mercury (Chabot et al., 2014; McCubbin et al., 2012;
Papike et al., 2005); however, if Cr or Ti were assigned a lower valence, consistent with
highly reducing conditions (Cr1+ and Ti3+), the oxide/sulfide totals for the NVP lavas
would only become lower. Furthermore, if Fe, Cr, and Ti are present as a metallic phase,
they would not be a component in the silicate lavas, and the totals would be lower still.
Additionally, metals exhibit limited solubility in silicate liquids and the large density
contrast between metals and silicate liquids prohibits efficient transport of metals in
silicate melts. Therefore, we rule out valence state assignments as the reason for low
oxide/sulfide totals for the NVP lavas. Consequently, we have identified the calculated
assumption of ~25 wt% Si as the reason for the low totals; therefore, we normalized the
composition of the NVP lavas to 100%, while maintaining the measured Mg/Si, Al/Si,
Ca/Si, Fe/Si, Na/Si, S/Si ratios. The resulting composition yielded computed Si
abundances for the NVP of 26.2–26.8 wt% Si, which is within the measured value from
MESSENGER GRS data of 24.6 ± 7% from Evans et al., (2012). We also computed an
NVP composition without upper-limit estimates of Ti, Mn, and Cr, which will be
implemented later when discussing possible sulfide mineralogy of the NVP lavas. Both
NVP compositions are provided in Table 1.
The resulting bulk composition of the NVP lavas (Table 1) was classified
petrologically according to International Union of Geological Sciences (IUGS)
classification protocols (Le Bas, 2000; Le Bas and Streckeisen, 1991; Le Maitre, 1984;
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Le Maitre et al., 2002). This classification takes into account over three decades of
consideration by an IUGS Subcommission to ensure consistent terms are used across
disciplines and planetary bodies when describing the chemical makeup of an igneous
rock. We caution the reader that the classification determined here is based solely on
chemical composition of the NVP lavas and it should not be used, a priori, to infer
geologic processes or settings. The NVP lavas are metaluminous compositions with
Mg#’s of ~96, an alkalinity index of 0.86, and ratio of non-bridging oxygen to
tetrahedrally coordinated ions of 0.74–0.78, indicating a relatively high polymerization
state of these melts (Mysen, 1987). Using SiO2 and total alkali content, both NVP
compositions are intermediate trachyandesites on a total alkali vs. silica diagram (Le
Maitre, 1984; Figure 2). However, this diagram is not applicable to rocks with high MgO
contents (MgO > 8 wt%, Le Bas and Streckeisen, 1991); consequently, in order to place
further constraints on this classification, the High-Mg classification diagram (Figure 2 in
Le Bas, 2000) was employed. The average NVP composition plots in the boninite field
with more than 8 wt% MgO and higher than 52 wt% SiO2. However, since this
classification was constructed for terrestrial systems, the total alkali content only extends
to 4 wt%. Therefore, similar to alkali rich boninites on Earth, we have termed this
composition an “alkalic boninite”. It is important to note that this composition does not
fall in the komatiite field (MgO > 18 wt%, TiO2 < 1 wt%, SiO2 < 52 wt%, and alkalis < 1
wt%), which was also noted previously by Stockstill-Cahill et al. (2012), although their
NVP composition included a lower estimated total alkali abundance (0.44 wt%).
CIPW (Cross, C.W., Iddings, J.P, Pirsson, L.W., and Washington, H.S.) norm
calculations (Cross et al., 1903) were computed to determine the normative mineralogy of

99

the NVP lavas (Table S1). The NVP lavas are nepheline normative and dominated by
normative plagioclase, olivine, and pyroxene. The normative mineralogy was projected
into the quartz, alkali feldspar, plagioclase feldspar, feldspathoid diagram for volcanic
rock classification (Le Bas and Streckeisen, 1991), which classifies this composition as a
basalt/andesite. Based on terrestrial criteria presented here, the NVP lavas can be
classified as either Mg-rich trachyandesites or alkali-rich boninites. Importantly, this
classification strongly depends on the amount of Si because this is the main element used
to distinguish various rock types. Given the abundance of S in the NVP lavas, sulfide
mineralogy cannot be determined from classical CIPW norm calculations, so we will rely
on the experimental results in the present study to determine the relative partitioning of
elements between the silicate and sulfide melt components and compute sulfide
mineralogy prior to calculating CIPW norms on the residual, sulfide-removed
compositions.
The presence of a geologic terrane on Mercury composed of rocks classified as
either Mg-rich trachyandesites or alkali-rich boninites represents the first example of a
silica-enriched crustal terrane that has been identified on the surface of an extraterrestrial
body by remote sensing techniques. Although evolved lithologies have been identified
from the Moon (Jolliff et al., 1991,1999; Seddio et al., 2013), Mars (Stolper et al., 2013;
Sautter et al., 2015; Santos et al., 2015), and asteroids (Day et al., 2009), these features
have not been observed on scales that can be identified from orbit. On Earth, evolved
crustal terranes, such as the continental crust, are reported to be a direct consequence of
plate tectonics and the presence of H2O (Campbell and Taylor, 1983); however plate
tectonics is unlikely to have ever started on Mercury (Byrne et al., 2014), and the low
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oxygen fugacity of the planet (McCubbin et al., 2012; Zolotov et al., 2013) would have
resulted in H existing primarily as H2 rather than H2O (Sharp et al., 2013). The presence
of the NVP on Mercury indicates that there are geologic processes that have operated to
form silica-enriched crustal terranes in our Solar System that are unique from those that
formed evolved crustal terranes on Earth. One of the goals of this study is to identify the
geologic processes or conditions that led to the formation of such a silica-enriched crustal
terrane on Mercury.
2. Experimental Methods and Motivation
The primary goal of this experimental study is to use high pressure and
temperature (P-T) phase relations of the best estimate of a melt composition from the
mercurian surface to determine basic information about the planet’s interior. Importantly,
we stress that this kind of investigation has significant limitations given the methods by
which the melt composition was determined. Although geologic evidence from remote
observations supports the NVP lavas as a continuous unit of flood volcanism (Denevi et
al., 2013; Head et al., 2011; Ostrach et al., 2015), we cannot assess, a priori, whether the
lavas represent a primary unfractionated melt or a fractionated melt that was modified by
earlier crystallization, which is typically assessed prior to experimental study.
Furthermore, it has been recently suggested that the NVP lavas may not be homogeneous
(Peplowski et al., 2012; Weider et al., 2015). Nevertheless, given that these experiments
represent some of the first laboratory investigations of a suspected mercurian lava
composition, these data will provide important first-order estimates of minimum average
pressures and temperatures of melting as well as mantle mineralogy of Mercury, which is
largely, at present, unconstrained. It will be difficult to use the experimental results here
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to provide firm constraints on the physical and chemical characteristics of the mercurian
interior, so the results will be used to construct possible scenarios for the origin of the
NVP lavas as well as possible characteristics of the mercurian interior. Fortunately, the
shallow depth of Mercury’s mantle (≤420±30 km; Hauck II et al., 2013) provides a fairly
limited pressure range (≤5 GPa) over which experiments need to be conducted.
Consequently, we were able to investigate the entire P-T parameter space of the NVP
phase diagram that is relevant to Mercury.
Experiments were conducted in the high pressure laboratory at the Institute of
Meteoritics (IOM) at the University of New Mexico (UNM). Experiments in the pressure
range of ~0.5–1.7 GPa were run in a 13 mm Depths of the Earth QuickpressTM non-end
loaded piston cylinder (PC). A Walker style multi-anvil (MA) device was used for
pressures from 2.5 to 5 GPa. Early reports from the MESSENGER team placed the
sodium abundance on Mercury’s surface at 2.9 ±0.1 wt% Na (Evans et al., 2012).
Additional data collection efforts have yielded better coverage of the planet and higher
resolution measurements for Na, revealing substantial variations in Na across the surface
of the planet. Peplowski et al. (2014) reported a range in Na content from ~5 wt% Na
(i.e., 6.7 wt% Na2O) in the high northern latitudes on Mercury to ~2.6 wt% Na (i.e., 3.5
wt% Na2O) near the equatorial regions. This large variation in Na will have important
implications for the mineralogy of the mercurian surface because it’s an important factor
as to which side of the plane of critical silica saturation a melt composition lies (Irvine
and Baragar, 1971; Peplowski et al., 2014; Yoder and Tilley, 1962). Consequently, in
addition to the alkali- and S-bearing NVP composition (NASB) from Table 1, we also
investigated a second melt composition with negligible alkalis and sulfur (NASF) (Table
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1) to determine the effect on phase mineralogy if the elevated abundances of alkalis and S
in the NVP were a consequence of thermal redistribution, which was initially proposed
by Evans et al. (2013) but has since been ruled unlikely by Peplowski et al., (2014). The
data from this alkali and sulfur free composition will also allow for extrapolation of our
dataset to areas on Mercury that are not as high in alkali and S components as the NVP.
However, since recent MESSENGER results suggest high abundances of alkalis and S,
we primarily focus here on the phase equilibrium results from the NASB composition
from Table 1, although the experimental results on the NASF composition are also
provided and discussed where relevant.
2.1 Starting Materials
The synthetic starting materials (Table 1) for the two NVP compositions (NASF
and NASB) investigated in this study were prepared at the IOM using high-purity reagent
grade powdered oxides, silicates, and sulfides, which were mixed sequentially by
increasing volume and ground under ethanol using an automated agate mortar and pestle.
For the NASF mix, all the Fe was added as FeO in the form of synthetic fayalite. The
reader is referred to Vander Kaaden et al. (2015) for details regarding the preparation of
the synthetic fayalite. For the NASB, all the Fe was added as FeS. The starting materials
were allowed to dry completely and kept in either a desiccator or a drying oven at 100 °C
before use in each experiment.
2.2 Phase Equilibrium Experiments
2.2.1 Capsule materials and oxygen fugacity
The NASF experiments did not present the same challenges as the NASB
composition in terms of determining an appropriate capsule material. Without the worry
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of S to react with metal, these experiments were run in molybdenum capsules, which
control the oxygen fugacity to within a few log10 units of the iron-wüstite (IW) buffer
over the P-T range of our experiments (Burkemper et al., 2012; O'Neill, 1986). Although
the oxygen fugacity of the NASF experiments is not as low as the mercurian interior or
the NASB experiments, it is sufficiently low to assess the mineralogical differences
between the two starting compositions. However, we caution that temperatures and
pressures of multiple saturation points determined from the NASF composition should
shift slightly if run at more appropriate oxygen fugacity, which has been demonstrated
experimentally in lunar magma compositions (i.e., Krawczynski and Grove, 2012).
Careful consideration of capsule material was required for running the NASB
experiments because we needed a capsule that would not react with the melt components,
including sulfur, so many metal capsule materials (Mo0 and Fe0) were ruled out due to
their demonstrated affinity for sulfur (e.g. Tauster et al., 1980). Additionally, sulfur
solubility increases in silicate melts with decreasing oxygen fugacity (Beermann et al.,
2011; Berthet et al., 2009; Holzheid and Grove, 2002; Malavergne et al., 2007;
Malavergne et al., 2014; Mavrogenes and O'Neill, 1999; McCoy et al., 1999; Moune et
al., 2009; Zolotov et al., 2013), so the experiments were run under low oxygen fugacity to
promote S-dissolution into the silicate melt. Furthermore, McCubbin et al. (2012) and
Zolotov et al. (2013) have shown the oxygen fugacity of Mercury is between 7 and 3
log10 units below the IW buffer, so highly reducing conditions provide a more realistic
representation of the interior of Mercury. Graphite minimally reacts with silicate liquids
especially under reducing conditions (Ardia et al., 2013), so it was chosen as the capsule
material for the NASB experiments. Graphite capsules are incapable of controlling
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oxygen fugacity much below the graphite-CO buffer, so we needed to add an additional
component to the experiments to promote reducing conditions. Consequently, oxygen
fugacity was lowered in each experimental charge by adding Si metal to the bottom of
each capsule in an ~ 1:2 mixture of Si metal:silicate starting material (Table 1), similar to
the procedure of Siebert et al. (2004) and Rose-Weston et al. (2009). Therefore, these
experiments were within a log10 unit of the Si-SiO2 oxygen fugacity buffer, which is
within the range reported for Mercury over the temperature range of our experiments.
2.2.2 Piston Cylinder Experiments
Experiments for pressures ≤1.0 GPa were run in the PC using the procedures,
parts, and calibrations described previously in Vander Kaaden et al. (2015) and
McCubbin et al. (2015), although we briefly summarize the setup here. The loaded
capsules were placed within salt-pyrex cells, which were used as a pressure medium, with
crushable MgO parts and a graphite furnace. Exceptions to the procedure include using
run durations from 4–21 hours and using a Type B (Pt30Rh70/ Pt6Rh94) thermocouple and
Eurotherm (2416) controller to control and monitor temperature throughout the duration
of each run. Each experiment was quenched by shutting off power to the furnace and
slowly decompressing the run. Experiments on the NASF composition were run at 0.57
GPa and 1.2 GPa in the temperature range of 1300 °C – 1450 °C, with run durations of
0.25–4 hours. NASB experiments were run at pressures of 0.57–1.7 GPa between 1100 °C
– 1480 °C, with run durations of 4–21 hours. When possible, charges were taken to
superliquidus temperatures for 3–20 minutes, depending on the stability of the assembly
at a given temperature and pressure before dropping to the crystallization temperature.
2.2.3 Multi-Anvil Experiments
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Experiments run at pressures between 2.5 and 5 GPa were performed in a MA
using procedures that are identical to those described in Vander Kaaden et al. (2015),
including a ceramic octahedron, Al2O3 inner parts, and 8 mm truncation-edge-length of
tungsten carbide cubes. The reader is referred to Agee et al. (1995) for our MA pressure
calibration data and procedures. At the termination of each run, the charge was quenched
and slowly decompressed in the same manner as the PC experiments. Experiments on the
NASF composition were run at pressures from 3.5 GPa to 5 GPa in the temperature range
of 1350 °C – 2000 °C, with run durations of 1–3 hours. NASB experiments were run at
pressures ranging from 2.5 GPa to 5 GPa between 1600 °C and 1950 °C, with run
durations of 4 hours. Similarly to PC experiments, charges were taken to superliquidus
temperatures when possible for 3.5–18 minutes, depending on the stability of the
assembly at a given temperature and pressure before dropping to the crystallization
temperature.
2.2.4 Approach to a steady-state
Under the highly reducing conditions of our experimental runs, typical exchange
coefficients for Mg and Fe in olivine and liquid

�𝐾𝐾𝐷𝐷 𝑀𝑀𝑀𝑀−𝐹𝐹𝐹𝐹
� cannot be accurately
𝑂𝑂𝑂𝑂−𝐿𝐿𝐿𝐿𝐿𝐿

calculated to assess equilibrium within these experiments due to the low amount of Fe in

our starting composition. Furthermore, the majority of the Fe in our starting materials
partitions into the metal or sulfide phases resulting in low FeO (0.02–0.24 wt%) in the
melt. The homogeneous nature of each experimental charge, however, does suggest that
our experiments approached a steady-state during our 2–24 hour run durations.
Furthermore, there were no inconsistencies in our data to suggest the experimental
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charges required additional time to equilibrate, and all of the olivine present are
consistently Fo100.
In order to provide an additional check on steady-state conditions, we performed a
time series using the NASB + Si metal compositions. Care was taken when filling the
capsules to ensure equal portions of the NASB silicate starting composition and Si metal
were loaded into each capsule so the experiments could be directly compared.
Experiments were run at 1 GPa and 1425 °C for 0.3, 1.5, 4, 11, and 22 hours. Analyses of
these experiments show an increase in SiO2 with increasing run time (Figure S1). There
is little difference between the 1.5 and 4 hour run durations for SiO2, however, there is a
>1 wt% increase in SiO2 after holding the run for 11 hours and >6 wt% increases after
holding for 22 hours when compared with the 4 hour run duration. A crystalline SiO2
phase was present in the time-series runs that were held for 11 and 22 hours, indicating
that our system was susceptible to O diffusion into the capsule, which reacted with the Si
metal to raise the SiO2 content of the melt. Evidence of O diffusion was also observed in
a subset of experiments with similar starting materials not included in this work (Figure
3B) where olivine cores were present within pyroxene grains for experiments longer than
4–10 hours. Consequently, caution was taken for any interpretations of our data that were
highly dependent on silica activity, including the olivine-opx cotectic point along the
liquidus, which we verified using shorter (≤ 4 hour) run durations. The FeO content in the
melt decreased until 4 hours and remained fairly constant in the longer run durations
(Figure S1) indicating that redox equilibrium was reached by 4 hours. TiO2 content also
decreased over time and S2- increased with increasing run duration.
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We also compared the run products from experiments with and without a superliquidus step as an additional check on whether or not our experiments reached a steadystate. Experiment NSA-34 was taken directly to its crystallization temperature of 1300 °C
and held for 4 hours. This experiment consisted of olivine and melt. We then ran
experiment NSA-59, which was first taken to a superliquidus temperature of 1425 °C for
~ 20 minutes before being dropped to the crystallization temperature of 1300 °C, and it
was held for 24 hours. The results of NSA-59 also consisted of olivine and melt, although
the melt composition of NSA-59 had slightly higher SiO2, which was expected from the
O diffusion problem discussed above. The results of these experiments as well as the
homogeneous nature of our run products and lack of discrepancies along our phase
diagram support our experiments reaching a steady state within the duration of the runs.
3. Analytical Techniques
Each experimental charge was ground and polished to expose the maximum
surface area and all phases present. All NASF run products were polished using water as
the lubricating material. However, Murthy et al. (2003) have shown loss of K from the
FeS phase within their run products when using oil- or water-based lubricants during
polishing. Furthermore, we analyzed multiple NASB experiments by electron probe
microanalysis (EPMA) before and after treatment with water and acetone, and the silicate
glasses had lower abundances (0.2-1.2 wt%) of volatile elements (mainly Na2O, S2-, and
Cl-) after treatment (Figure S2). Therefore, all of our NASB experimental charges were
polished dry using hexagonal boron nitride as a lubricant, which we mixed with various
grit sizes of alumina powder. All experimental charges were polished to a 0.3 µm finish.
3.1 Electron Probe Microanalysis
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All phases present in each experiment were analyzed using a JEOL JXA 8200
electron microprobe housed in the IOM at UNM. Silicates, metals, and sulfides were
analyzed using an accelerating voltage of 15 KeV. A beam current of 15 nA was used for
silicates whereas metals and sulfides were analyzed using a beam current of 20 nA. A
broad beam (10–20 µm) was used for glass analyses and a focused beam (1–5 µm) was
used for silicate minerals, metals, and sulfides. The standards albite (for Na), almandine
(Al, Fe), augite (Si, Al, Ca, Mg), olivine (Mg, Si, Fe), orthoclase (K), pyrope (Cr, Mg,
Ca), titanite (Ti), and spessartine (Mn) were used to analyze our quenched melt and
silicate minerals. A sodalite standard was used to determine the amount of Clcontamination and a synthetic CaMoO4 was used to determine the amount of MoO2
contamination in the glasses for the NASF runs. Metal and sulfide standards included Almetal, albite (for Na), Cr-metal, orthoclase (K), Si metal, pyrite and troilite (S), Mgmetal, spessartine (Mn), augite (Ca), Fe-metal, Ti-metal, and sodalite (Cl). Peak positions
were checked on the silicate standards used for metal and sulfide analyses and compared
with the peak position of the experimental charge to ensure that analyses were conducted
at the correct peak position. Peak count times ranged from 30–60 seconds and
background count times ranged from 15–30 seconds, respectively. Analyses in the
proximity of Si-rich metal typically suffered from substantial secondary fluorescence of
Si, resulting in elevated totals and elevated abundances of Si, so care was taken to
measure glass that was ≥ 200 µm from the Si metal.
3.2 Micro-Fourier Transform Infrared Spectroscopy (FTIR)
The presence of H2O can substantially depress the liquidus temperature of basaltic
melts (e.g., Médard and Grove, 2008), so quantitative infrared spectroscopic
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measurements were conducted on the experimental glass products of numerous
experimental charges at room temperature in transmittance mode with a Nicolet Nexus
670 Fourier Transform Infrared Spectrometer in the IOM at UNM to determine the
amount of H2O present in the “dry” runs from this study. Transmittance IR spectra were
collected from doubly polished wafers of the run products over the mid-IR range (400–
4000 cm-1) using a Continuum microscope with a Globar source, XT-KBr beamsplitter,
and a MCT/A detector over a 100 × 100 µm area with a 4 cm-1 resolution. Thicknesses
for each sample were obtained by focusing a reflected aperture on the top surface of the
sample first then the bottom surface of the sample and recording the z-axis position of the
mapping stage in the Atlus software. These arbitrary units were converted to µm using a
previous calibration (Berger, 2012). Background spectra were collected under the same
conditions before each analysis. Total dissolved water concentrations were determined
for each glass from the intensity of the broad band at 3570 cm-1 after the calculation
scheme of Mandeville et al. (2002) and Dixon et al. (1995). One thousand and twenty
four scans were performed for each IR spectrum acquired. The reader is referred to
Vander Kaaden et al. (2015) for full details on this procedure.
4. Calculations of Oxygen Fugacity
The oxygen fugacity of all experiments that were sulfur and alkali free (NASF)
was controlled through the starting material composition as well as the molybdenum
capsule that was used in each experiment. Due to the low solubility of MoO2 in silicate
melts (Table S2 and Burkemper et al., 2012) and the presence of the Mo capsule, we can
constrain the fO2 of each experiment to being at or below the Mo-MoO2 buffer. In order
to attempt to quantify the fO2 of each experimental run product after the analysis of each
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experiment by EPMA, the oxygen fugacity of the charge was calculated using the melt
phase present in the experiment and assuming an activity of one for Fe metal. This
approach gives us a minimum value for the fO2 of each experiment relative to the IW
buffer. Using these two phases, the oxygen fugacity of the charge was calculated relative
to the IW buffer using equation (1)
∆𝐼𝐼𝐼𝐼 = 2𝑙𝑙𝑙𝑙𝑙𝑙 �

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
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𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ∗ 𝛾𝛾 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝑥𝑥𝐹𝐹𝐹𝐹
𝐹𝐹𝐹𝐹

�

(1)

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑒𝑒
where 𝑥𝑥𝐹𝐹𝐹𝐹𝐹𝐹
is the mole fraction of FeO in the silicate, 𝛾𝛾𝐹𝐹𝐹𝐹𝐹𝐹
is the activity
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
is the mole fraction of Fe in the metal, and
coefficient of FeO in the silicate, 𝑥𝑥𝐹𝐹𝐹𝐹
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝛾𝛾𝐹𝐹𝐹𝐹
is the activity coefficient of Fe in the metal. To begin, we assume ideality to

make a first-order approximation of the oxygen fugacity (see also below). Since we are
assuming that a pure Fe-metal phase is present, the activity of Fe in the metal is fixed at
unity. The fO2 of every NASF experiment was calculated, where melt was present,
resulting in fO2 values of 2.24 to 2.76 log10 units below the IW buffer. Since there was
not an Fe-metal phase present in any of our experiments, the experimental charges are
likely to be more oxidizing than this estimate. Using this constraint on the lower bound of
fO2 and the fact that the Mo-MoO2 and IW buffer are essentially equal at the P-T
conditions of interest (Burkemper et al., 2012), the oxygen fugacity of our NASF
experiments lies somewhere between IW and IW-2.76. The estimated fO2 of each
experiment is given in Table 2.
The oxygen fugacity of all experiments containing sulfur was controlled through
the addition of Si metal to each individual capsule. After the analysis of each experiment,
the oxygen fugacity of the charge was calculated two different ways. First, the fO2 was
calculated relative to the Si-SiO2 buffer using equation (2)
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∆𝑆𝑆𝑆𝑆 − 𝑆𝑆𝑆𝑆𝑂𝑂2 = 𝑙𝑙𝑙𝑙𝑙𝑙 �
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𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
where 𝑥𝑥𝑆𝑆𝑆𝑆𝑂𝑂
is the mole fraction of SiO2 in the silicate, 𝛾𝛾𝑆𝑆𝑆𝑆𝑂𝑂
is the activity
2
2

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
coefficient for SiO2 in the silicate, 𝑥𝑥𝑆𝑆𝑆𝑆
is the mole fraction of Si in the metal, and

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝛾𝛾𝑆𝑆𝑆𝑆
is the activity coefficient for Si in the metal. Similar to the method above, we

begin by assuming ideality to make a first-order approximation of the oxygen fugacity.
However, the presence of Si metal in each experiment fixed the Si activity to unity, so

only the activity coefficient for SiO2 is uncertain. The fO2 of every NASB experiment was
calculated, where melt was present, using the melt phase and the Si-rich metal phase
resulting in fO2 values of 0.17 to 0.27 log10 units below the Si-SiO2 buffer. A second
calculation of oxygen fugacity was conducted using the same melt and an Fe-rich metal
phase, when present. Using these two phases, the oxygen fugacity of the charge was
calculated relative to the iron-wüstite buffer using equation (1). We begin again by
assuming ideality to make a first-order approximation of the oxygen fugacity. These
calculations resulted in oxygen fugacities between 5.45 and 6.86 log10 units below the IW
buffer, which is more reducing than the NASF experiments by ~5 to 7 log10 units. Both
calculations (using equations 1 and 2) for a given experiment typically agreed within
approximately 1 log10 unit, indicating that ideality is a valid assumption for a first-order
approximation of the oxygen fugacity. The fO2 of each experiment is given in Table 2.
We have also gone through the exercise of calculating activity coefficients for
FeO (O'Neill and Eggins, 2002), SiO2 (Beattie, 1993; Carmichael et al., 1970), Fe0, and
Si0 (Wade and Wood, 2005) and performing the same calculations given in equations (1)
and (2). Although the majority of our results shifted only by ≤0.5 log10 units in either
direction, in a few cases these calculations resulted in values considered to be erroneous
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(e.g. ΔIW + 15.91 for NSA-10 and ΔSi-SiO2 -18.44 for NSA-21). For this reason we
have chosen to compute all fO2 values in this manuscript assuming ideality. This
assumption, although not strictly correct, is considered to introduce the least amount of
scatter in the precision of our estimates of oxygen fugacity, although there may be up to a
0.5 log10 units uncertainty in accuracy.
5. Results
Table 2 includes a full listing of experiments conducted for NASF and NASB
compositions along with the run conditions, phases present, and estimated oxygen
fugacity. The results of each experiment in this study including capsule material, run
conditions, run durations, oxygen fugacity, and EPMA data can be found in the
Supplementary Materials (Tables S2-S4). Backscattered electron images of representative
experimental charges are shown in Figure 3.
5.1 NASB phase equilibrium experiments
The phase diagram for the NASB composition is shown in Figure 4. SiC was
present in most experimental run products at the boundary of the graphite capsule and Si
metal, but was much more prominent in MA experiments. Where grains were large
enough, analyses were conducted (Table S3) and the carbon abundance was calculated by
difference. In this alkali- and sulfur-bearing system, forsterite is the liquidus phase at low
pressures (<1.4 GPa) between ~1250 °C and ~1600 °C and albitic plagioclase is present
at 0.57 GPa and 1100 °C. A multiple saturation point (MSP) occurs when two or more
minerals coexist at the same point in P-T space along the liquidus. The first MSP occurs
at ~1.4 GPa and ~1460 °C between olivine and orthopyroxene. At pressures between 1.4
GPa and 2.7 GPa, enstatite-rich pyroxene is the liquidus phase. A second MSP occurs at
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~ 2.7 GPa and ~1640 °C between orthopyroxene and a jadeite-like pyroxene. The
composition of this jadeite-like pyroxene is En89Wo11 and has ~3 wt% Na2O in its
structure. At pressures greater than ~3.8 GPa and ~1800 °C, silica appears as a liquidus
phase with a jadeite-like pyroxene (~6–7 wt% Na2O). However, the appearance of SiO2
on the liquidus is most likely a direct effect of O diffusion into our capsule reacting with
the Si metal used to reduce the experiments. Consequently, we cannot confirm the
validity of silica on the high pressure liquidus of the NASB composition.
The compositions of the residual melts (Table S3) vary as a function of pressure,
temperature, and mineral phases present. They are consistently high in SiO2 (56.86–67.74
wt%), extremely low in FeO (0.02–0.24 wt%), and have a wide range of MgO (4.29–
16.67), CaO (3.58–8.50), and Na2O (3.78–8.06 wt%) abundances. S2- contents range
from as low as 0.64 wt% to as high as 4.81 wt%. Additionally, although we did not
intentionally include Cl- in our starting composition, it was present in all runs. We
suspect that one of our reagents (most likely FeS) may be contaminated with Cl-. We
have ruled out contamination from the NaCl pressure medium used in the PC
experiments as the primary source of Cl- because the MA experiments, which consist of a
Cl--free ceramic octahedron as a pressure medium, also contain measurable amounts of
Cl- (Table S3). Although the Cl- may have been present in variable amounts at the start of
each experiment, it consistently partitioned entirely into the silicate melt (up to 2.44
wt%), and it was below detection in coexisting sulfide (detection limit 0.01 wt%) and
metal (detection limit 0.01 wt%) phases. Micro-FTIR analyses of the glass in two
experiments, with sample thicknesses <170 µm, indicate ~1–6 ppm H2O was present in
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these charges which are levels too low to significantly affect phase boundaries (Médard
and Grove, 2008) or elemental partitioning (Righter and Drake, 1999).
The addition of Si metal to the bottom of each capsule, as well as higher
concentrations of sulfur, led to the formation of numerous metals and sulfides in each
experiment. EPMA analyses and stoichiometric compositions of each metal and sulfide
phase are given in Table S4. Pure Si metal is present within each experiment, indicating it
was not completely consumed during the run. In some cases, the Si metal was veined
with a Si-Cr metal mixture. The other metals in these experiments typically consisted of
Si, Cr, and Fe with minor amounts of Ti and Mn. The sulfides were dominated by Fe and
Cr as well as Ti and Mn. In a few cases, Ca- and Mg-bearing sulfides were present. These
results were used to calculate normative sulfides in Table S1 before performing
additional CIPW norm calculations on the sulfide-removed residual silicate compositions.
5.2 NASF phase equilibrium experiments
SiO2 is present as a liquidus phase at all pressures investigated in this study for
the NASF composition. At low pressures, orthopyroxene and SiO2 are the liquidus
phases. The orthopyroxene has an average composition of En90Fs8Wo2 in all experiments
up to 3 GPa (Table 2 and Table S2). At approximately 3 GPa and 1800 °C, garnet
appears on the liquidus with orthopyroxene and SiO2. At pressures greater than 3 GPa,
pyrope-rich garnet and SiO2 are the liquidus phases. Clinopyroxene (En66Fs9Wo25)
becomes stable at higher pressures (≥ 2.5 GPa). As expected given the elevated SiO2
abundances and lack of alkali elements, olivine is not stable at any pressure investigated
with this composition (0.5–5 GPa).

115

EPMA analyses of each melt are provided in Table S2. The melts consistently had
high SiO2 (54.62–59.55 wt%), low MnO (0.65–0.73 wt%), and low Cr2O3 (0.20–0.75
wt%). There was a wide range in TiO2 (1.20–5.70), Al2O3 (4.44–17.29), FeO (4.95–9.22),
MgO (8.60–15.18) and CaO (5.00–14.17) depending on the silicate phases present in a
given run product. Although these experiments were run in molybdenum capsules, there
was very little Mo0 dissolved in the melt. The maximum MoO2 abundance measured was
1.18 wt%, which most likely reflects a metal bleb that was close to the electron beam
during analysis. Micro-FTIR analyses of glasses from four experimental charges from
this study indicate an H2O content typically much less than 0.1 wt% H2O with one higher
value of 0.3 wt%, which are levels too low to significantly affect phase boundaries
(Médard and Grove, 2008) or elemental partitioning (Righter and Drake, 1999). Sample
thicknesses varied from 48–175 µm.
6. Discussion
6.1 Effect of alkalis on mercurian mineralogy
The mineralogy of Mercury’s surface is currently unknown despite the collection
of over 4.5 million UV-VIS spectra by the MESSENGER spacecraft (Blewett et al.,
2013; Ernst et al., 2010; Holsclaw et al., 2010; Izenberg et al., 2014). Consequently, the
mineralogy of the mercurian surface has typically been inferred (e.g., Charlier et al.,
2013; Stockstill-Cahill et al., 2012) using chemical compositions of the surface
determined by the XRS and GRS instruments onboard MESSENGER (Evans et al., 2012;
Nittler et al., 2013; Nittler et al., 2011; Peplowski et al., 2011; Peplowski et al., 2014;
Peplowski et al., 2012; Weider et al., 2015; Weider et al., 2012). As stated previously,
one of the most surprising results returned from MESSENGER was the elevated
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abundances of Na on the surface of the planet (global average of 3.5 wt% Na2O),
particularly at the high northern latitudes (average of 6.7 wt% Na2O), that has been
interpreted as being a geochemical feature of the lavas in the NVP (Peplowski et al.,
2014). Consequently, we can compare and contrast the results of our high pressure phase
equilibrium data for the two starting compositions (NASF and NASB), which have over a
5 wt% difference in Na2O. Importantly, there are numerous differences between the two
compositions we investigated as shown in Figure 4, Figure S3, and Table 1. In addition to
an ~5 wt% difference in Na2O abundance, there is also an ~5 wt% difference in FeO
abundance that is related to the differences in oxygen fugacity, up to ~6 log10 units,
between the two sets of experiments (Tables 1–2). If the NASF experiments were run
under the low oxygen fugacity conditions of the NASB experiments, it would have
resulted in a net decrease in the amount of FeO in the NASF experiments, which would
have caused a net increase in the silica activity by increasing the ratio of Si to other melt
components in the NASF composition. This enhancement in silica activity in the NASF
experiments would have caused even further displacement of the NASF composition from
the olivine stability field.
The addition of alkali elements like Na to silicate melts results in a reduction of
silica activity by reducing the number of Si-O-Si linkages in the melt, eventually leading
to the stabilization of olivine over pyroxene (Charlier et al., 2013; Hirschmann et al.,
1998; Mysen, 1987). Because our low pressure observation is that olivine is the liquidus
phase in the NASB experiments and pyroxene is the liquidus phase for the NASF
experiments, we contend that the mineralogical differences between the two
compositions can be largely attributed to the differences in Na rather than the differences
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in oxygen fugacity between the NASF and NASB compositions. Furthermore, the NASF
composition may not actually be representative of a mercurian composition, so we
limited the number of experiments that were conducted to characterize the phase diagram
for the NASF composition. Therefore, we present the experimental data for the
experiments on the NASF composition, as is, without interpretation of the liquidus or
mineral-in and mineral-out curves for lack of experimental constraints (Figure S3). In
order to construct these curves accurately, additional experiments are needed.
As expected, the addition of alkalis depresses the liquidus of the melt and
displaces the stability field of SiO2 to higher pressures. SiO2 is a liquidus phase at 0.4
GPa in the NASF composition, but it does not hit the liquidus until pressures greater than
3.5 GPa when alkali elements are present (NASB). Furthermore, the appearance of SiO2
on the high pressure liquidus of the NASB composition may be an artifact of O diffusion
into our capsules, which reacts with Si metal to increase the SiO2 content of our
experiments. When alkali elements are present, pyroxene and SiO2 are replaced on the
liquidus at low pressures by forsteritic olivine. The stability field of pyroxene is also
extended at high pressure in the NASB composition compared to the NASF composition
by the destabilization of garnet. Importantly, this pyroxene composition can have up to 7
wt% Na2O in its structure. Based on the mineralogical differences between the NASF and
NASB compositions, we conclude that the expected mantle and surface mineralogy of
Mercury will be strongly dependent on the abundances of alkali elements present.
Although we have not yet conducted 1-bar experiments, the results of our lowest
pressure phase equilibrium experiments can be combined with the CIPW norm
calculations of the NVP composition from MESSENGER data (Table S1) as well as the
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experimental results from Charlier et al. (2013) to infer the surface mineralogy of
Mercury. Charlier et al., (2013) conducted 1-bar crystallization experiments at elevated
oxygen fugacity (at the fayalite-magnetite-quartz buffer) on two different mercurian
surface compositions and showed orthopyroxene, plagioclase, as well as minor olivine,
clinopyroxene, and tridymite should be present on the mercurian surface. The results
from our lowest pressure phase equilibrium experiments indicate that olivine, lowcalcium, low-iron pyroxene, as well as plagioclase are likely to be primary silicate
minerals on the surface of Mercury. However, if there are regions on the surface with low
Na2O (i.e. NASF composition) and SiO2 abundances similar to the NVP, we expect the
disappearance of olivine and the appearance of SiO2. We also expect the presence of FeMn-Ti-Cr sulfides as the dominant sulfides on Mercury, with minor Mg- or Ca-sulfides.
The results from our two experimental starting compositions and the two compositions
examined by Charlier et al. (2013) yield similar mineralogical results for 3 distinct
regions on Mercury. Therefore, one can expect similar mineralogy across the surface of
the planet if the melt compositions have the same general characteristics as those already
studied experimentally (i.e. low Fe, high Si, and high S). Crystallization experiments on
these and similar compositions at 1-bar over a range of oxygen fugacities are needed in
order to confirm this predicted mineralogy.
6.2 Models for the origin of the NVP lavas
Partial melts in the Earth’s upper mantle are typically controlled by eutectic
melting of olivine and pyroxene. The point (in P-T space) on a phase diagram of a
primary melt composition that corresponds to multiple saturation on the liquidus with the
minerals expected to have remained in the source after melting (i.e., olivine and pyroxene
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in Earth’s upper mantle) is indicative of the average depth at which the melt separated
from its source and rose to the surface (Asimow and Longhi, 2004). However, we do not
have any insights into the expected mineralogy of the NVP source region, so we do not
necessarily expect the P-T origin of the NVP lavas to correspond to one of the MSP’s in
the phase diagram (Figure 4). In fact, the sheer volume of lava that was erupted supports
the possibility of high degrees of partial melting, which might favor melting out all but
the dominant mantle mineral phase.
Additional insights into the interpretation of the phase equilibrium data for the
NASB composition could be determined based on the elevated abundance of Na in the
NVP lavas. Na is an incompatible large-ion lithophile element, and so its distribution
within Mercury’s interior is predictable for a given set of hypothetical scenarios for the
thermal and magmatic evolution of Mercury. The formation mechanism of Mercury is
unknown at present, but there are two end-member possibilities that we consider for
predicting the distribution of incompatible lithophile elements in Mercury’s interior. If
the silicate portion of Mercury never fully melted, Mercury’s full inventory of
incompatible elements would be dispersed throughout its interior, probably in nearly
chondritic abundances. This model for the evolution of Mercury’s mantle and crust is
analogous to studies that have used partial melting experiments of enstatite chondrite as
an analogue for the melting of Mercury’s interior (Malavergne et al., 2010; McCoy et al.,
1999), where Mercury’s mantle is assumed to have the composition of an enstatite
chondrite. This model would be one way to explain the presence of alkalis at depth,
which would support the possibility of the NVP forming from low degrees of partial
melting deep within the mercurian mantle; however, we dismiss this model because it
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would require that Mercury’s mantle is composed of undifferentiated enstatite chondrite
material, which is not consistent with Mercury’s highly differentiated state.
Consequently, this scenario is not well supported in the literature, so we consider it only
as an end-member where Na is present throughout Mercury’s mantle (enstatite chondrites
typically have ~5800–6900 ppm Na; Lodders and Fegley, 1998).
It is generally accepted that Mercury experienced some form of a magma ocean
event (Brown and Elkins-Tanton, 2009; Charlier et al., 2013; Riner et al., 2009). A
mercurian mantle that experienced a magma ocean would likely host much of its
inventory of incompatible elements near the surface of the planet, similar to what is
generally expected for the lunar magma ocean (de Vries et al., 2010; Elardo et al., 2011;
Elkins-Tanton et al., 2011; Rapp and Draper, 2012; Warren, 1985). Unlike the Moon,
however, the low FeO content of Mercury’s mantle would have prohibited the formation
of a floatation crust consisting of silicate minerals (Vander Kaaden and McCubbin,
2015). Therefore, the last minerals to form during a crystallizing mercurian magma ocean
would be concentrated near the surface of the planet instead of at the base of the primary
crust as is the case for the Moon (de Vries et al., 2010; Elardo et al., 2011; Elkins-Tanton
et al., 2011; Rapp and Draper, 2012; Warren, 1985). Furthermore, the low total FeO
content of Mercury’s mantle results in only minor density contrasts throughout the
cumulate mantle (Vander Kaaden and McCubbin, 2015) and hence gravitational overturn
of the mantle is unlikely to have occurred. Consequently, this inferred stratigraphy of
incompatible elements concentrated towards the upper mantle/crust would be a
permanent geochemical feature of a post magma ocean Mercury.
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In the magma ocean scenario, the elevated abundance of Na in the NVP lavas is
consistent with a shallow magmatic source region. Given that the first MSP in the NASB
phase diagram is at 1.4 GPa, which corresponds to approximately one-quarter the depth
of the mercurian mantle, we infer that the source for the NVP lavas had to be shallower
than the first-observed MSP, and hence the low-pressure liquidus phase (olivine) was the
only mineral left in the source during the partial melting event that produced the NVP
lavas. This scenario is consistent with high degrees of partial melting (e.g., 15–30%
melting for the Deccan Traps; Sen, 2001), which is potentially a common characteristic
between flood volcanism on Mercury and flood volcanism on Earth (Coffin and Eldholm,
1994; Fedorenko et al., 2000; Fedorenko et al., 1996; Hooper and Hawkesworth, 1993;
Peate, 1997; Sen, 2001; Takahahshi et al., 1998). In addition, a low pressure source
region corresponds to the stability field of albitic plagioclase (Green and Hibberson,
1970), which could explain the elevated Na abundances even with high degrees of partial
melting. The albitic plagioclase would have completely melted during partial melting to
form the NVP lavas. The nepheline-normative characteristics of the NVP lavas, coupled
with their elevated Cl- abundances (Evans et al., 2015), indicate that sodalite may have
also been a minor phase in the NVP source region. The primary shortcoming of this
model is the source of heat for melting the upper mantle of Mercury at about 4.0 Ga
(Thomas et al., 2014), although other small terrestrial bodies in the Solar System have
demonstrably circumnavigated this problem, as shown in the number of igneous lunar
samples from approximately the same period of time and younger (Elardo et al., 2014;
Hiesinger et al., 2003; Hiesinger et al., 2000; Nyquist and Shih, 1992). This process could
have been aided by a thermal boost from increased concentrations of incompatible
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lithophile heat-producing elements in the upper mantle, although they could have also
been sequestered in a putative FeS layer (McCubbin et al., 2012; Smith et al., 2012).
Alternatively, the NVP lavas could have formed by low degrees of partial
melting, which would likely require that at least two phases remained in the mantle
source after partial melting. In this scenario, we look to the 1.4 GPa MSP between olivine
and orthopyroxene as being the probable depth of origin. In this scenario, the elevated Na
abundance of the NVP lavas is a consequence of low degrees of partial melting and the
preferential incorporation of Na into the partial melt. The primary shortcoming of this
model comes in producing such a large volume of magma from low degrees of partial
melting deep within the mercurian interior; however we do not see any reason to exclude
this scenario from contention.
We can rule out the other MSPs as the average depth of melting based on
mineralogical considerations. In a scenario where the average depth of melting is 2.7
GPa, jadeite and orthopyroxene remain in the source region after partial melting. This
scenario requires the presence of a large amount of Na deep within the mercurian interior
to stabilize a major Na-bearing phase. This would require that Mercury has a highly non
chondritic silicate composition with a preponderance of Na, regardless of whether
Mercury experienced a magma ocean. This scenario is too unlikely to be seriously
considered and would require too many unrealistic caveats to pursue further.
Consequently, this MSP is not likely to have any petrogenetic meaning for the NVP lavas
or the mercurian interior in general. Therefore, our results favor the origin of the NVP
lavas by high degrees of partial melting of an olivine-dominant, pyroxene- and albitic
plagioclase-bearing mantle source at low pressure.
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If the source region for the northern volcanic plains lavas is in fact dominated by
forsteritic olivine, it calls into question models for Mercury’s bulk composition that have
used CB and enstatite chondrite bulk compositions (e.g., Brown and Elkins-Tanton,
2009; Malavergne et al., 2010; Morgan and Anders, 1980; Taylor and Scott, 2004), which
indicate that Mercury’s upper mantle is predominantly pyroxene as opposed to olivine. It
is unclear to what extent the results from the present study can be applied to the bulk
mineralogy of Mercury’s upper mantle; however additional data are needed to constrain
the bulk composition of Mercury, which is highly unconstrained at this time.
6.3 Partitioning of elements under highly reducing conditions
The reducing nature of Mercury has raised many questions regarding the
geochemical behavior of lithophile elements in magmas at low oxygen fugacity on
Mercury as well as other reducing bodies in the Solar System. In fact, interpretations of
magmatic processes on Mercury are difficult at present because the number of
experimental studies relevant to the extremely low fO2 and high sulfur content of
Mercury are very limited (Chabot et al., 2015, Chabot et al., 2014; Liu et al., 2007;
Malavergne et al., 2007; Malavergne et al., 2004; McCoy et al., 1999; Ricolleau et al.,
2011; Rose-Weston et al., 2009). At such reducing conditions, elements are likely to
deviate from their typical geochemical behavior displayed at higher oxygen fugacity
(e.g., Foley et al., 2005; McCoy et al., 1999; McCubbin et al., 2012). For example,
lithophile elements such as Mg and Ca display chalcophile behavior in some highly
reduced chondrites and achondrites forming the minerals oldhamite [(Ca,Mg,Fe,)S] and
niningerite [(Mg,Fe,Mn)S] (McCoy et al., 1999). Other than the highly reduced enstatite
chondrites and achondrites, we do not have many natural examples of what to expect
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with respect to element behavior in such oxygen-starved systems. Fortunately, a number
of experimental studies have reported on the distributions of elements among various
phases at a range of oxygen fugacities, so it is possible to make some predictions about
how, and under what conditions, certain elements would lose their lithophile behavior.
Rose-Weston et al. (2009) looked at the effect of pressure, temperature, and oxygen
fugacity on metal-silicate partitioning of numerous elements, including S, and observed
that S becomes more siderophile with increasing P and less siderophile with increasing T.
More recently, Chabot et al. (2015; 2014) have examined partitioning behavior in the FeS and Fe-S-O system. These studies, conducted between 1 atm and 9 GPa over the
temperature range 1050–1600 °C, lead to three main conclusions: 1) pressure affects
solid metal/liquid metal partitioning, 2) most elements show O-avoidance similar to their
S-avoidance tendencies, and 3) none of the experiments were able to match the
MESSENGER results for the Fe and S on Mercury’s surface. Each of these studies has
advanced our understanding of sulfur solubility and elemental partitioning during
planetary differentiation; however, they have not explored highly reducing, sulfur bearing
conditions that are as extreme as those observed on Mercury.
Experiments run using the NASB composition resulted in silicate, metal, and
sulfide phases (Table 2). Although there is a wide range in P-T-fO2 space of the
experimental charges, we have calculated metal-silicate and sulfide-silicate partition
coefficients for each charge, when applicable, using equation (3) below:
𝑋𝑋

𝐷𝐷 𝐴𝐴−𝐵𝐵 = 𝑋𝑋𝐴𝐴

(3)

𝐵𝐵

where XA is the mole fraction of element X in phase A (metal or sulfide) and XB is the
mole fraction of element X in phase B (silicate). Figure 5 shows the average D values for
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each element in our experimental charges. The D values for Cl were calculated using the
detection limit of Cl in our metals and sulfides, therefore providing an upper limit
estimate for Cl. The error bars of each element represent the minimum and maximum D
values across all of our NASB experiments. The geochemical affinity of a particular
element is determined by the quadrant in which the average D value plots in Figure 5.
Our results indicate Al, Na, K, Mg, Ca, and Cl remain lithophile at all pressures
and temperatures we investigated. However, Ca, Mg, and Na display limited chalcophile
behavior over that of siderophile. Si does not display any evidence of chalcophile
behavior, but it is both lithophile and siderophile. S remains chalcophile but also displays
lithophile behavior at these conditions that out-competes its siderophile character. Ti, Mn,
and Cr display chalcophile behavior at the fO2 conditions we investigated. Ti and Cr are
more siderophile than lithophile but Mn is more lithophile than siderophile. Our results
also indicate that Fe loses its lithophile character at the conditions we investigated, and it
is more siderophile than chalcophile. MESSENGER XRS data indicates a positive
correlation between S and Ca abundances on the mercurian surface, leading to inferences
that oldhamite is the dominant sulfide phase (Weider et al., 2014). Based on our
experimental results, Ca and Mg would not be substantial components in sulfides on
Mercury unless the abundance of Fe, Cr, Mn, and Ti were insufficient relative to
available sulfide components in the system.
7. Conclusion
The surface of Mercury lacks spectral absorption features that can be used to
definitively determine surface mineralogy by UV-VIS spectroscopy; however, our phase
equilibrium results, previous mercurian phase equilibrium results (Charlier et al., 2013),
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as well as CIPW norm calculations can be used to infer the mineralogy of Mercury’s
surface. The surface is likely dominated by forsteritic olivine, enstatitic pyroxene, and
plagioclase. For regions of the surface with lower sodium and elevated SiO2,
orthopyroxene, plagioclase, and quartz or tridymite can be expected as stable surface
minerals. Under the highly reducing conditions of Mercury, typically lithophile elements
like Cr, Mn, and Ti become chalcophile and partition into sulfide phases. Consequently,
Fe-, Cr-, Mn-, and Ti-bearing sulfides can be expected on the surface of Mercury with
possible Mg- and Ca-bearing sulfides if Fe, Cr, Mn, and Ti are not present to bond with
S2-.
Partial melting of the mercurian interior resulted in flood volcanism that produced
lavas with a bulk composition similar to terrestrial boninites, with notably higher
abundances of alkalis. On Earth, boninites typically form in oxidized arc environments
associated with subduction zones (Cameron et al., 1983; Hickey and Frey, 1982; Polat et
al., 2002; Sobolev and Danyushevsky, 1994), but this is certainly not the case for the
origin of mercurian boninites. Instead, our phase equilibrium results indicate they formed
through partial melting of the shallow mercurian interior from a source region that
consisted primarily of forsteritic olivine, orthopyroxene, and albitic plagioclase. Such a
phase assemblage does not require the aid of water or oxidizing conditions to form
boninitic melt compositions. Consequently, a new and novel boninite-formation
mechanism within the Solar System may operate on Mercury. Furthermore, this process
would represent a previously unrecognized mechanism for producing SiO2-rich,
secondary crustal materials on a planet without the aid of water or plate tectonics. The
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results from this study further support Mercury as an endmember among the rocky
planets in the Solar System.
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Figure 1. Volume of lava produced from the northern volcanic plains magma compared
to common voluminous terrestrial magmas (Fedorenko et al., 2000; Fedorenko et al.,
1996; Hooper and Hawkesworth, 1993; Peate, 1997; Sen, 2001; Takahahshi et al., 1998).
Boxes are to scale for the average amount of lava produced (refer to text).
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Figure 2. Total alkali vs. silica diagram for the calculated NVP compositions as well as
the experimental starting material used in this study.
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Figure 3. Backscattered electron images of select experimental run products. A)
Experimental charge from the NASF composition (5 GPa, 1975 °C, 2 hours). B)
Experimental charge from a subset of experiments not included in this study showing the
result of oxygen diffusion into the capsule for experiments with run durations of longer
than 4 hours (0.9 GPa, 1300 °C, 5 hours). C) Experimental charge from the NASB
composition (1.7 GPa, 1360 °C, 4 hours). D) A zoomed in image of the dotted
rectangular box in Figure 3C. Liq: liquid, SiO2: silica phase, gt: garnet, pyx: pyroxene, ol:
olivine, Mo: molybdenum capsule, C: graphite capsule.
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Figure 4. Experimental phase diagram for the NASB composition. The solid black line is
the liquidus for this composition. The dotted lines are estimated mineral in lines. Each
phase is given by a different symbol. There is a multiple saturation point between olivine
and orthopyroxene at ~1.4 GPa and a multiple saturation point between orthopyroxene
and jadeite-like pyroxene at ~2.7 GPa. The appearance of SiO2 is most likely the result of
O diffusion into our capsule reacting with Si metal.
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Figure 5. Elemental partitioning of elements from NASB experiments. The symbol for
each element is the average D value from all of the experiments in Table S3-S4. The
error bars represent the maximum and minimum D values from all experimental charges.
The D values for Cl were calculated using the EPMA detection limits in the metals and
sulfides. The affinity of an element is depicted by which region of the graph it falls in.
Sid: Siderophile, Lith: Lithophile, Chalc: Chalcophile.
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Table 1. Composition of the silicate starting materials used in this study in wt% (Nittler
et al., 2013; Nittler et al., 2011; Peplowski et al., 2014; Weider et al., 2012).
Alkali- and
Alkali- and
Sulfur-Free
Sulfur-Bearing
(NASF)
(NASB)
57.37
56.11
57.76
54.09
SiO2
0.00
0.81
1.35
1.26
TiO2
13.98
13.68
13.47
12.61
Al2O3
0.00
0.69
0.71
0.66
CrO
1.03
1.01
5.21
0.00
FeO
15.56
15.22
15.22
14.26
MgO
0.00
0.68
0.69
0.65
MnO
4.20
4.11
5.58
5.23
CaO
7.16
7.01
0.00
6.82
Na2O
0.22
0.22
0.00
0.25
K2O
0.00
0.00
0.00
4.16
FeS
0.94
0.92
0.00
0.00
S20.00
0.00
0.00
0.00
Cl
-O=S+Cl
0.46
0.47
0.00
0.00
100.00
100.00
100.00
100.00
Total
*Average composition without Cr, Ti, Mn.
**Average composition using upper limits for Cr, Ti, Mn
Average
NVP*

Average
NVP**
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Equilibrated
Starting Material
(NSA-64)
57.03
1.14
11.63
0.11
0.06
16.67
0.52
5.90
5.03
0.17
0.00
1.31
1.40
0.97
100.00

Table 2. Table of experimental run conditions and results.
Phase Assemblage

ΔIW*

ΔSiSiO2

1300

Duratio
n
(Hours)
2

Lq, En90Fs8Wo2, SiO2

-2.67^

----

----

1360

0.375

Lq, En91Fs7Wo2, SiO2

-2.71^

----

----

----

1375

1.05

Lq

-2.73^

----

----

----

1350

2

Lq, En89Fs9Wo2, SiO2

-2.66^

----

3

----

----

1700

1

Lq, En90Fs2Wo8, SiO2, Py82Al11Gr7

-2.69^

----

3

----

----

1800

1

Liq

-2.75^

----

0

3.5

----

----

1350

3

En87Fs10Wo3, SiO2, Py69Al17Gr14

----

----

NVP-27

0

Mo

3.5

----

----

1800

2

Lq, Py82Al11Gr7, SiO2

-2.56^

----

NVP-29

Mo0

3.5

----

----

1875

2

Lq, Py85Al10Gr5, SiO2

-2.72^

----

NVP-21

0

Mo

4

----

----

1800

2

Lq, Py82Al11Gr7, SiO2

-2.55^

----

NVP-26

Mo0

4

----

----

1850

2

Lq, Py84Al10Gr6, SiO2

-2.65^

----

NVP-31

0

4

----

----

1900

2

Lq, Py85Al10Gr5, SiO2

-2.66^

----

NVP-35

0

Mo

4

----

----

1950

2

Lq

-2.74^

----

NVP-15

Mo0

5

----

----

1850

2

-2.24^

----

NVP-17

Mo0

5

----

----

1950

2

Lq, En66Fs9Wo25, Py74Al13Gr13,
SiO2
Lq, Py85Al10Gr6, SiO2

-2.70^

----

NVP-37

Mo0

5

----

----

1975

2

Lq, Py81Al11Gr8, SiO2

-2.62^

----

NVP-22

0

Mo

5

----

----

2000

2

Liq

-2.76^

----

NSA-11

C

0.57

1300

18

1100

4

Plg, En-rich, Mtl, Sfd

----

----

NSA-14

C

0.57

1350

4

1200

24

Lq, Fo100, SiC, Mtl, Sfd

-6.57

-0.20

NSA-34

C

0.57

----

----

1300

4

Lq, Fo99.5Fa0.5, Mtl, Sfd

----

-0.21

NSA-64

C

1.0

----

----

1425

4

Lq, Mtl

----

-0.27

NSA-23

C

1.2

----

----

1300

21.7

Lq, En96Fs1Wo3 , Mtl, Sfd

----

-0.21

NSA-25

C

1.2

----

----

1325

8

Lq, Fo100, En97Fs0Wo3, SiC, Mtl

-6.86

-0.23

NSA-27

C

1.2

----

----

1400

4

Lq, Fo-rich, SiC, Mtl

-6.94

-0.21

NSA-66

C

1.7

1450

60

1360

4

Lq, En97Fs1Wo2, Mtl, Sfd

----

-0.24

NSA-65

C

1.7

1450

0.3

1380

24

Lq, En97Fs1Wo2, Mtl, Sfd

----

-0.21

NSA-71

C

1.7

----

----

1450

4

Lq, En97Fs1Wo2, Mtl

-5.29

-0.26

NSA-70

C

1.7

----

----

1480

4

Lq, Mtl, Sfd

NSA-36

C

2.5

----

----

1450

4

Lq, En85Fs2Wo13, SiO2, Mtl, Sfd

-5.66

-0.15

NSA-29

C

2.5

----

----

1600

4

Lq, En97Fs0Wo3, SiC, Mtl

-6.33

-0.19

NSA-13

C

3

1700

10

1400

4

----

-0.13

NSA-21

C

3

1750

10

1600

4

Lq, En85Fs0Wo15, SiO2, SiC, Mtl,
Sfd
Lq, En89Fs0Wo11, SiC, Mtl

-6.34

-0.18

NSA-10

C

3

1700

10

1500

4

Lq, En88Fs0Wo12, En81Fs0Wo19,
SiO2, SiC, Mtl, Sfd

-5.28

-0.13

NSA-17

C

3

1800

3.5

1700

4

Lq , SiC, Mtl

-5.75

-0.18

NSA-9

C

4

1750

10

1550

4

En82Fs0Wo18, SiO2, SiC, Mtl, Sfd

----

0.00

NSA-8

C

4

1750

10

1650

4

Lq, En79Fs2Wo19, SiO2, SiC, Mtl,
Sfd

----

0.00

Run

Capsul
e

P
(GPa)

Superli
q (°C)

Superli
q (min)

T
(°C)

NVP-45

Mo0

0.57

----

----

NVP-40

Mo0

0.57

----

NVP-42

0

Mo

0.57

NVP-20

Mo0

1.2

NVP-10

0

Mo

NVP-14

Mo0

NVP-44

Mo

Mo
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†

-0.22

NSA-15

C

4

1950

10

1750

4

-7.05

-0.19

4

Lq, En82Fs0Wo18, SiO2, SiC, Mtl,
Sfd
En78Fs3Wo19, SiO2 , Mtl, Sfd

NSA-12

C

5

1850

10

1650

----

0.00

NSA-24

C

5

1850

10

NSA-28

C

5

1900

10

1750

4

En80Fs2Wo18, SiO2, SiC, Mtl, Sfd

----

0.00

1850

4

----

0.00

----

----

Lq, En81Fs1Wo18, SiO2, SiC, Mtl,
Sfd
Lq , SiC, Mtl

NSA-18

C

5

1900

3.5

-6.79

-0.22

Abbreviations are as follows: Liquid (lq), Plagioclase (Plg), Olivine (ol) Pyroxene (pyx), Garnet (gt),
Silicon Carbide (SiC), Metals (Mtl), Sulfides (Sfd).
*Oxygen fugacity calculated using Fe-rich metal.
†
Oxygen fugacity calculated using Si-rich metal.
^Oxygen fugacity is more oxidizing than this value.
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10. Appendix A: Supplementary Materials

Figure S1. Experimental results for certain oxides and elements of interest in the silicate
melt. Each element/oxide is given by a different symbol. The reader is referred to Section
2.2.4 for full discussion of this figure.
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Figure S2. The effect of water and acetone on volatile elements in the silicate melt. The
filled symbols represent results from samples polished using only hexagonal boron
nitride and the open symbols represent results from samples polished using water and
rinsed in acetone prior to FTIR analysis.
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Figure S3. Experimental phase diagram for the NASF composition. Each phase is given
by a different symbol. The liquidus and mineral in lines have been omitted due to lack of
experimental constraints. Orthopyroxene and SiO2 are the liquidus phases at low
pressure. Garnet replaces orthopyroxene on the liquidus at pressures >3 GPa.
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Table S1. CIPW norm calculations for Northern Volcanic Plains Compositions
Composition without Cr, Mn, or Ti
Phase
wt %
FeS
1.26
MgS
0.41
CaS
0.54
Plagioclase
59.06
Orthoclase
1.3
Nepheline
3.73
Diopside
10.43
Olivine
23.26

Composition with Cr, Mn, or Ti
Phase
wt %
FeS
1.26
CrS
0.65
MnS
0.62
Plagioclase
57.24
Orthoclase
1.3
Nepheline
3.91
Diopside
10.16
Olivine
23.44
Ilmenite
0.39
Perovskite
1.03

Table S2.
This table can be downloaded from the Electronic Annex 2: Supplementary Tables File
http://www.sciencedirect.com/science/article/pii/S0016703715005980
Table S3.
This table can be downloaded from the Electronic Annex 2: Supplementary Tables File
http://www.sciencedirect.com/science/article/pii/S0016703715005980
Table S4.
This table can be downloaded from the Electronic Annex 2: Supplementary Tables File
http://www.sciencedirect.com/science/article/pii/S0016703715005980
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Chapter 4
Sulfur Solubility in Silicate Melts Under Highly Reducing
Conditions as Seen on Mercury
In collaboration with
Francis M. McCubbin1,2
1

Institute of Meteoritics, Department of Earth & Planetary Sciences, University of New
Mexico, Albuquerque, NM 87131, USA. 2NASA Johnson Space Center, Mailcode XI2,
2101 NASA Parkway, Houston, TX 77058, USA.
Abstract
Since the return of data from the MErcury Surface, Space ENvironment,
GEochemistry and Ranging spacecraft (MESSENGER), the surface of Mercury has been
shown to have elevated abundances of magmatic volatiles, including sulfur. In order to
determine the sulfide concentration at sulfide saturation (SCSS) in mercurian-like melts,
sulfide solubility experiments in silicate melts were conducted on a synthetic rock
composition matching that of the northern volcanic plains on Mercury as well as a
synthetic diopside composition for comparison with a simpler system. SCSS pistoncylinder experiments were run at 0.5 GPa and 1.0 GPa in the temperature range of 1300
°C – 1600 °C, with run durations of 2–22 hours. SCSS multi-anvil experiments on the
NVP and diopside compositions were run at 4 GPa in the temperature range of 1750 °C –
2050 °C, with run durations of 0.025–4 hours. The addition of Si-metal to each
experimental charge set the oxygen fugacity of these experiments between ΔIW-3.4 and
ΔIW-7.1, consistent with estimates of the oxygen fugacity of Mercury. The SCSS in the
silicate portion of the experimental charges ranged from 1.23 wt% S to 17.02 wt% S,
showing an increase in S-solubility with decreasing oxygen fugacity. Furthermore, our
experimental results show sulfide solubility in silicate melts is dependent on pressure,
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temperature and, to a lesser extent, melt composition. If the reducing conditions
determined by the mercurian surface compositions were present during the planets
formation, these experimental results are consistent with transport of S towards the
surface because of the high carrying capacity for S in reduced melts and the
incompatibility of S in rock-forming silicates.

Key Words: MESSENGER, northern volcanic plains, solubility, oxygen fugacity

1. Introduction
Prior to the return of data from the MErcury Surface, Space ENvironment,
GEochemistry and Ranging (MESSENGER) spacecraft, the planet Mercury was thought
to be depleted in volatile elements mainly due to its close proximity to the sun (Albarede,
2009). Flybys from the Mariner 10 mission confirmed the presence of atmospheric H, He,
and O (Broadfoot et al., 1974; Broadfoot et al., 1976). Ground-based discoveries
enhanced our knowledge about Na, K, and Ca in the atmosphere (Bida et al., 2000; Potter
and Morgan, 1985, 1986) as well as polar volatiles found in radar-reflective deposits
(Harmon and Slade, 1992; Slade et al., 1992). Although there was some evidence for the
presence of volatiles on the surface of the planet and in the exosphere, it was not until the
return of data from MESSENGER that we discovered just how volatile rich Mercury is
(Evans et al., 2015; Murchie et al., 2015; Nittler et al., 2011; Peplowski et al., 2014;
Peplowski et al., 2016; Peplowski et al., 2015; Peplowski et al., 2012; Weider et al.,
2012).
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New data from the X-Ray Spectrometer (XRS) and Gamma-Ray Spectrometer (GRS)
onboard the MESSENGER spacecraft has shown the surface of the planet has elevated
abundances of magmatic volatiles including S (Nittler et al., 2011; Weider et al., 2012),
K (Peplowski et al., 2012), Na (Peplowski et al., 2014), C (Murchie et al., 2015;
Peplowski et al., 2016; Peplowski et al., 2015), and Cl (Evans et al., 2015). Furthermore,
MESSENGER XRS data has shown that the surface of the planet is depleted in Fe
(Nittler et al., 2011; Weider et al., 2012). Although the presence of all volatiles on the
surface of the planet has important implications for the thermal and magmatic evolution
of Mercury, the volatile of importance for the current study is sulfur.
Sulfur contents on the mercurian surface have been measured to be ~ 4 wt% (Nittler
et al., 2011), which far exceeds the solubility of S2- in silicate liquids in terrestrial
systems (e.g., Wallace and Carmichael, 1992; Wallace and Edmonds, 2011; Wykes et al.,
2015). On Earth, sulfur contents in silicate liquids are typically less than 1 wt% with no
clear trend between basaltic and rhyolitic melts (Wallace and Edmonds, 2011). Instead,
the main driver of S concentration in silicate melts appears to be the amount of FeO in
the melt (Wallace and Edmonds, 2011; Wykes et al., 2015). With 8–10 wt% FeO, typical
MORB pillow rim glasses and melt inclusions contain 800–1300 ppm S (Wallace and
Edmonds, 2011 and references therein). Increasing the amount of FeO to 15–16 wt% in
these glasses and melt inclusions results in S abundances of 2000–2400 ppm (Wallace
and Edmonds, 2011 and references therein). In comparison, basaltic arc magmas contain
900–2500 ppm S on average, with values extending to as high as 7000 ppm as measured
in olivine-hosted melt inclusions (Wallace and Edmonds, 2011 and references therein).
The concentrations of S present in the source regions of these materials range from 250–
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500 ppm S for mafic arc magmas (de Hoog et al., 2001; Metrich et al., 1999), 150–190
ppm S for MORB (Saal et al., 2002 and references therein), and 70–240 ppm S for
primitive mantle (Lorand et al., 2003; Palme and O'Neill, 2004). In contrast to the
conditions typically observed on Earth, it has also been shown that sulfide solubility in
silicate melts increases with decreasing oxygen fugacity (fO2) (Berthet et al., 2009;
Holzheid and Grove, 2002; Malavergne et al., 2007; Mavrogenes and O'Neill, 1999;
McCoy et al., 1999). This fact, coupled with the high S content and low Fe contents has
resulted fO2 estimates of Mercury to be approximately 3 to 7 log10 units below the IW
buffer (ΔIW-3 to ΔIW-7) (McCubbin et al., 2012; Zolotov et al., 2013), orders of
magnitude lower than the fO2 on the Earth, Moon, and Mars (i.e., Sharp et al., 2013).
Much of our geochemical understanding of elements in natural systems comes from
empirical observations of terrestrial rocks and other planetary bodies, which may not
apply to a planet as reduced as Mercury. Any broad geochemical interpretations that are
rooted in these empirical observations may be misguided when applied to Mercury
because at such reducing conditions, elements are likely to deviate from their typical
geochemical behavior displayed at higher oxygen fugacity as shown by Vander Kaaden
and McCubbin (2016).
On Mercury, sulfur is likely to play an extremely different role in magmatic systems
than what is seen on Earth as it will display both lithophile and chalcophile tendencies.
Our investigation will focus on the controls of sulfide solubility in silicate melts under
highly reducing conditions. We will explore S solubility using the composition of the
northern volcanic plains (NVP) lavas which are smooth plains covering 12 % of the
surface area of the northern hemisphere of Mercury and are less cratered than their
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surroundings, suggesting they are volcanic in origin (Head et al., 2011; Ostrach et al.,
2015). These lavas are the most likely example of a lava that can be compositionally
assessed from orbit making them the best candidate to study S solubility experimentally.
The role of S during planetary differentiation on Mercury will be inferred by
investigating S concentrations at sulfide saturation (SCSS) in silicate magmas as a
function of pressure, temperature, and oxygen fugacity.
2. Methods
2.1 Starting Materials
The synthetic starting materials (Table 1) used to investigate SCSS in this study were
prepared at the Institute of Meteoritics (IOM) at the University of New Mexico (UNM)
using high-purity reagent grade powdered oxides, silicates, and sulfides, which were
mixed sequentially by increasing volume and ground under ethanol using an automated
agate mortar and pestle. All of the Fe in each experiment was added as FeS. The starting
materials were allowed to dry completely and kept in either a desiccator or a drying oven
at 100 °C before use in each experiment.
2.2 Capsule Material and Oxygen Fugacity
Careful consideration of capsule material was required for running all experiments in
this study because capsules that would not react with the melt components, including
sulfur and Si metal, was required, so many metal capsule materials (Mo0 and Fe0) were
ruled out due to their demonstrated affinity for sulfur (e.g., Tauster et al., 1980).
Additionally, sulfide solubility increases in silicate melts with decreasing oxygen
fugacity (Beermann et al., 2011; Berthet et al., 2009; Holzheid and Grove, 2002;
Malavergne et al., 2007; Malavergne et al., 2014; Mavrogenes and O'Neill, 1999; McCoy
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et al., 1999; Moune et al., 2009; Zolotov et al., 2013), so the experiments were run under
low oxygen fugacity to promote S-dissolution into the silicate melt for the SCSS
experiments. Furthermore, McCubbin et al. (2012) and Zolotov et al. (2013) have shown
the oxygen fugacity of Mercury is between 7 and 3 log10 units below the IW buffer, so
highly reducing conditions provide a more realistic representation of the interior of
Mercury. Graphite minimally reacts with silicate liquids especially under reducing
conditions (Ardia et al., 2013) and has not demonstrated an affinity for S, so it was
chosen as the capsule material for all SCSS experiments conducted in this study.
Graphite capsules are incapable of controlling oxygen fugacity much below the
graphite-CO buffer, so we needed to add an additional component to the experiments to
promote reducing conditions. Consequently, oxygen fugacity was lowered in each SCSS
experimental charge by adding Si metal to the bottom of each capsule, similar to the
procedure of Siebert et al. (2004), Rose-Weston et al. (2009), and Vander Kaaden and
McCubbin (2016). Therefore, the SCSS experiments were conducted within a log10 unit
of the Si-SiO2 oxygen fugacity buffer, which is within the range reported for Mercury
over the temperature range of our experiments.
2.3 Piston Cylinder (PC) Experimental Methods
Experiments for pressures ≤1.0 GPa were run in the PC using the procedures, parts,
and calibrations described previously in Vander Kaaden et al. (2015) and McCubbin et al.
(2015), although we briefly summarize the setup here. Each experiment began by first
packing Si-metal, FeS, and the NVP silicate starting material or diopside starting material
(Table 1) into the capsule in an ~ 2:2:3 mixture. As discussed above, the Si-metal was
added to each capsule in order to set the oxygen fugacity of the experiment to mercurian
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conditions and allow the S to dissolve into the silicate melt. The FeS was added to ensure
sulfide saturation during each experimental run. The loaded graphite capsules were
placed within salt-pyrex cells, which were used as a pressure medium, with crushable
MgO parts and a graphite furnace. Exceptions to the procedure in Vander Kaaden et al.
(2015) and McCubbin et al. (2015) include using run durations from 2–21.7 hours and
using a Type B (Pt30Rh70/ Pt6Rh94) thermocouple and Eurotherm (2416) controller to
control and monitor temperature throughout the duration of each run. Each experiment
was quenched by shutting off power to the furnace and slowly decompressing the run.
Experiments were run at 0.50 GPa and 1.0 GPa in the temperature range of 1300 °C –
1600 °C.
2.4. Multi-Anvil (MA) Experimental Methods
Experiments run at the IOM at 4.0 GPa were performed in a MA using procedures that
are identical to those described in Vander Kaaden et al. (2015), including a ceramic
octahedron, Al2O3 inner parts, and 8 mm truncation-edge-length of tungsten carbide
cubes. The reader is referred to Agee et al. (1995) for our MA pressure calibration data
and procedures. Capsules for the SCSS experiments were prepared the same way they
were for the PC runs. At the termination of each run, the charge was quenched and slowly
decompressed in the same manner as the PC experiments. Experiments on the NVP and
diopside compositions to assess SCCS were run at 4 GPa in the temperature range of
1750 °C – 2050 °C, with run durations of 0.025–4 hours.
2.5 Analysis of SCSS Experiments
All run products were polished using hexagonal boron nitride powder as a lubricant
instead of water to ensure no volatile phases were lost from the experimental charges
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(Murthy et al., 2003). All phases for the SCSS experiments, including silicate glass,
metals, and sulfides, were analyzed using a JEOL 8200 superprobe at the University of
New Mexico. An accelerating voltage of 15 KeV were used for all analyses. A beam
current of 15 nA was used for silicate analyses, whereas metals and sulfides were
analyzed using a beam current of 20 nA. A broad beam (10–20 µm) was used for glass
analyses and a focused beam (1–5 µm) was used for silicate minerals, metals, and
sulfides. The standards albite (for Na), almandine (Al, Fe), augite (Si, Al, Ca, Mg),
olivine (Mg, Si, Fe), orthoclase (K), pyrope (Cr, Mg, Ca), titanite (Ti), and spessartine
(Mn) were used to analyze our quenched melt and silicate minerals. A sodalite standard
was used to determine the amount of Cl- contamination. Metal and sulfide standards
included Al-metal, albite (for Na), Cr-metal, orthoclase (K), Si metal, pyrite and troilite
(S), Mg-metal, spessartine (Mn), augite (Ca), Fe-metal, Ti-metal, and sodalite (Cl). Peak
positions were checked on the silicate standards used for metal and sulfide analyses and
compared with the peak positions in the experimental charge to ensure that analyses were
conducted at the correct peak position. Peak count times ranged from 30–60 seconds and
background count times ranged from 15–30 seconds, respectively. Analyses in the
proximity of Si-rich metal typically suffered from substantial secondary fluorescence of
Si, resulting in elevated totals and elevated abundances of Si, so care was taken to
measure glass that was ≥ 200 µm from the Si metal, however, this did not completely
solve the issue and some experimental charges still resulted in high totals, mainly due to
excess measurements of Si.
2.6 Micro-Fourier Transform Infrared Spectroscopy (FTIR) of SCSS Experiments
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Quantitative infrared spectroscopic measurements were conducted on the
experimental glass products of numerous experimental charges at room temperature in
transmittance mode with a Nicolet Nexus 670 Fourier Transform Infrared Spectrometer
in the IOM at UNM to determine the amount of H2O present in the “dry” runs from this
study. The techniques used in this study were identical to Vander Kaaden and McCubbin
(2015). Transmittance IR spectra were collected from doubly polished wafers of the run
products over the mid-IR range (400–4000 cm-1) using a Continuum microscope with a
Globar source, XT-KBr beamsplitter, and a MCT/A detector over a 100 × 100 µm area
with a 4 cm-1 resolution. Thicknesses for each sample were obtained by focusing a
reflected aperture on the top surface of the sample first then the bottom surface of the
sample and recording the z-axis position of the mapping stage in the Atlus software.
These arbitrary units were converted to µm using a previous calibration (Berger, 2012).
Background spectra were collected under the same conditions before each analysis. Total
dissolved water concentrations were determined for each glass from the intensity of the
broad band at 3570 cm-1 after the calculation scheme of Mandeville et al. (2002) and
Dixon et al. (1995). One thousand and twenty four scans were performed for each IR
spectrum acquired.
2.7 Calculations of Oxygen Fugacity
After the analysis of each experiment, the oxygen fugacity of the charge was
calculated using the silicate melt and an Fe-rich metal phase, relative to the iron-wüstite
buffer using equation (1).
∆𝐼𝐼𝐼𝐼 = 2𝑙𝑙𝑙𝑙𝑙𝑙 �

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑥𝑥𝐹𝐹𝐹𝐹𝐹𝐹
∗ 𝛾𝛾𝐹𝐹𝐹𝐹𝐹𝐹
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 ∗ 𝛾𝛾 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑙𝑙
𝑥𝑥𝐹𝐹𝐹𝐹
𝐹𝐹𝐹𝐹
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(1)

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
where 𝑥𝑥𝐹𝐹𝐹𝐹𝐹𝐹
is the mole fraction of FeO in the silicate, 𝛾𝛾𝐹𝐹𝐹𝐹𝐹𝐹
is the activity
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
coefficient of FeO in the silicate, 𝑥𝑥𝐹𝐹𝐹𝐹
is the mole fraction of Fe in the metal, and

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
𝛾𝛾𝐹𝐹𝐹𝐹
is the activity coefficient of Fe in the metal. Given the uncertainty in activity

coefficients, we assumed ideality to make a first-order approximation of the oxygen
fugacity in all calculations.
3. Results

For the SCSS experiments, in terms of silicates, a few experiments resulted in
both silicate melt and minerals, although most experiments were run at superliquidus
temperatures resulting in a single silicate melt phase. Sulfides were present in all
experimental charges, ensuring sulfide saturation during the run. Furthermore, Si-metal
was present at the end of each experiment, so we can verify that it was not consumed
during the duration of the run and the low fO2 was maintained. An example of an
experimental run product is given in Figure 1. In few cases, two immiscible melts were
produced. In the experimental charges that contained a rhyolitic and basaltic composition,
the basaltic composition was considered for all data interpretation. EPMA data for the 11
SCSS runs is given in Table 2. The addition of Si-metal to each experimental charge set
the oxygen fugacity of these experiments between ΔIW-3.39 and ΔIW-7.12. The SCSS in
the silicate portion of the experimental charges ranged from 1.23 wt% S to 17.02 wt% S.
These experimental results are shown in Figure 2A in comparison to previously published
data (Beermann et al., 2011; Berthet et al., 2009; Holzheid and Grove, 2002; Malavergne
et al., 2007; Mavrogenes and O'Neill, 1999; McCoy et al., 1999; Moune et al., 2009).
Consistent with mercurian melt compositions, the FeO in all charges was less than 1.5
wt%. Due to the wide range in melt compositions used (Table 1), as expected, the
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experimental charges resulted in a wide range of melt compositions from diopside in
nature to a reduced version of the NVP composition, where the majority of the iron has
been partitioned into the metal phase.
4. Discussion
4.1 Effect of capsule setup on SCSS
When combining silicates, sulfides, and metals for an experimental study, there
are typically two ways to do so: 1) combine all phases in the appropriate proportions and
mix them together before putting them into the capsule, or 2) layer the starting materials
in the capsule and allow them to combine at high PT conditions. When we attempted to
run the SCSS experiments by combining all phases prior to putting them in the capsule,
this resulted in extremely heterogeneous run products with many phases too small to
analyze using EPMA. Therefore, all SCSS experiments were setup by layering the
starting materials. To determine if there was an effect on the order of the layers, we ran
two experiments at 1300 °C, 1 GPa.
For the experiment where the capsule was loaded with a layer of Si-metal at the
base, followed by a layer of the NVP starting composition, topped with a layer of FeS,
two immiscible melts were produced (Figure 1). This experiment was run for four hours.
One immiscible melt contained high SiO2, and Na2O, (closest to Si-metal), and one with
high Al2O3, MgO and CaO. This experiment also produced a region of pyroxene and a
region of olivine suggesting perhaps a gradational silica activity across the capsule with
the melt against the Si-metal having the highest silica activity. Furthermore, some
pyroxenes do contain olivine cores (XD), indicating O diffusion into our capsule during
the experiments, the effects of which were obvious after 4 to 10 hours.
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For the experiment where the capsule was loaded with a layer of Si-metal at the
base, followed by a layer of FeS, topped with a layer of the NVP starting composition
(Figure 3), this produced two immiscible melts as well. This experiment was held at
elevated PT conditions for 24 hours. One of the immiscible melts again contained high
SiO2, Na2O, and S2- (closest to Si-metal), and the other immiscible melt again contained
high Al2O3, MgO and CaO. The addition of FeS also decreased the pressure of the
multiple saturation point for this composition as olivine is typically the liquidus phase at
these PT conditions. However, some pyroxenes do contain olivine cores (XB), suggesting
Ol reacted out to form orthopyroxene. We attribute this reaction to the long duration of
the run and O diffusion into the capsule, similar to the previous experiment. Since both
layering techniques produced similar results, for consistency purpose, all of the SCSS
experiments were layered with Si-metal at the base, followed by a layer of FeS, and
topped with a layer of the silicate starting material (Table 1). Furthermore, in order to
minimize O diffusion into the capsule, the majority of our experiments were held at PT
conditions for two hours or less.
4.2 Implications for S concentration on the surface of Mercury
The SCSS results obtained in this study further support an increase in sulfide
solubility in silicate melts with decreasing oxygen fugacity (Figure 2A). Furthermore,
including data from McCoy et al. (1999), SCSS increases with increasing temperature
from 0.0001–4 GPa (Figure 2B); however, the slope of the temperature effect on SCSS
varies as a function of pressure. The slope of the temperature effect on SCSS from 0.5–4
GPa is much steeper, and also fairly similar, than the 0.0001 GPa data from (McCoy et
al., 1999). Although SCSS increases as a function of temperature at all pressures, the
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temperature effect on SCSS correlates more strongly with the amount of super-heating
above the liquidus temperature rather than absolute temperature. This point is illustrated
in Figure 2B where lower temperature melts at 1 GPa have higher SCSS values than
higher temperature melts at 4 GPa, but both sets of experiments display similar increasing
trends in SCSS as a function of T. We interpret this behavior to indicate that silicate melt
structure, or melt viscosity, may also play a role in controlling SCSS at these reducing
conditions. At 0.5 and 1 GPa, the diopside melt compositions, which were run at higher
temperature, form an extension for the slope of the corresponding 0.5 and 1 GPa data on
the NVP melt composition, so melt composition may play a subordinate role on SCSS to
temperature. Similarly, for our only overlapping temperature (1400 °C), SCSS increases
with increasing pressure, at least between 0.5 and 1 GPa (Figure 2C).
These results indicate that the elevated abundances of sulfur on Mercury’s surface
can be explained by transport within highly reduced silicate magmas, which have a much
higher carrying capacity for sulfide than moderately reduced to oxidizing magmas. In
addition to oxygen fugacity, both pressure and temperature will have a strong effect on
the carrying capacity of silicate melts during partial melting in Mercury’s interior. In
order to determine the role of viscosity on sulfide solubility an investigation into much
simpler silicate systems including pure SiO2 melt as well as a diopside (CaMgSi2O6) melt
are warranted.
5. Conclusion
The role that volatiles played in the thermal and magmatic evolution of Mercury
are critical to understanding the present day planet that has been investigated by Mariner
10 and MESSENGER. The current study aimed to examine the role of S in silicate melts
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and its impact on the thermal and magmatic evolution of Mercury. From our data, SCSS
in silicate melts is highly dependent on oxygen fugacity, pressure, and temperature and
less dependent on melt composition. If Mercury formed under the highly reducing
conditions that are currently reflected on the surface, the silicate melts that were produced
would have had a higher carrying capacity for sulfur, bringing it to the surface within
melts. Once cooled on the surface, sulfides crystallized, most likely with Cr-Mn-Tibearing sulfides first and Mg-Ca-bearing sulfides following (Vander Kaaden and
McCubbin, 2016). This process is reflected in the MESSENGER data by both the high S
content on the surface as well as the correlation between Ca and S on the surface
measured by XRS (Nittler et al., 2011). Understanding the role of all of the volatiles
present on Mercury is imperative to our understanding of these complex and unique
processes.
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Figure 1. BSE image of an SCSS experimental run product from 1300 °C, 1.0 GPa, 4
hours. Ol = olivine, Pyx = pyroxene, Lq = liquid (melt). See text for full details.

168

Figure 2. SCSS (wt%) in silicate melt as a function of oxygen fugacity (A), temperature
(B), and pressure (C). The smaller error bars indicate a more homogeneous melt. For the
NVP compositions that produced immiscible melts, the basaltic endmember was used for
these plots.
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Figure 3. Experimental run product from 1300 °C, ~1.0 GPa, 24 hours. Labels are the
same as Figure 1. See text for full details.
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Table 1. Composition of the silicate starting materials used in the SCSS study. All values
are in wt%. Average NVP composition derived from MESSENGER data (Evans et al.,
2013; Nittler et al., 2011; Peplowski et al., 2014; Peplowski et al., 2012; Weider et al.,
2012).

SiO2
TiO2
Al2O3
Cr2O3
FeO
MgO
MnO
CaO
Na2O
K2O
FeS
S
-O=S
Total

Average
NVP
56.07
0.81
13.67
0.77
1.01
15.21
0.68
4.11
7.00
0.22
0
0.92
0.47
100.00

Alkali- and
Sulfur-Bearing
54.05
1.26
12.60
0.74
------14.25
0.65
5.23
6.81
0.25
4.16
------------100.00
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Diopside
55.49
------------------------18.61
------25.90
------------------------------100.00

Table 2. EPMA data for SCSS experiments (wt%). The standard deviations are listed
parenthetically. *contained a superliquidus step at 1950 °C for 10 minutes. N=number of
analyses included in average.
Run
P
(GPa)
T(°C)
Run
Time
(Hr)
ΔIW
n
SiO2
TiO2
Al2O3
Cr2O3
FeO
MnO
MgO
CaO
Na2O
K2O
S
Cl
S+
Cl = O
Total

SSD-2

SSD-3

NSA42

SSD-1

NSA43

NSA50

NSA23

NSA44

NSA45

NSA47

NSA15*

0.5

0.5

0.5

1

1

1

1

4

4

4

4

1550

1450

1400

1600

1400

1500

1300

1850

1950

2050

1750

2

2

2

2

2

2

21.7

0.667

2

0.025

4

-3.39
11
55.79
(1.43)
0.04
(0.02)
0.89
(0.04)
0.00
(0.00)
1.44
(0.18)
0.06
(0.01)
15.43
(1.30)
18.49
(1.30)
1.20
(0.12)
0.07
(0.01)
13.37
(0.50)
0.09
(0.02)

-4.26
12
59.07
(0.80)
0.05
(0.02)
0.93
(0.05)
0.00
(0.01)
0.53
(0.13)
0.03
(0.01)
17.60
(0.27)
18.76
(0.25)
0.21
(0.01)
0.07
(0.01)
6.16
(0.17)
0.04
(0.00)

-5.25
7
57.47
(4.45)
1.10
(0.17)
14.22
(0.38)
0.09
(0.04)
0.17
(0.04)
0.17
(0.05)
16.44
(2.95)
5.22
(0.68)
5.17
(0.85)
0.15
(0.15)
2.13
(0.03)
0.93
(0.09)

-4.01
7
52.87
(0.73)
0.05
(0.01)
0.90
(0.05)
0.01
(0.01)
1.00
(0.06)
0.06
(0.01)
18.07
(0.45)
19.89
(0.53)
0.21
(0.03)
0.09
(0.02)
17.02
(0.67)
0.14
(0.01)

-4.44
2
62.37
(0.46)
0.28
(0.02)
13.32
(0.14)
0.03
(0.01)
0.30
(0.05)
0.06
(0.02)
13.90
(0.46)
4.37
(0.18)
4.99
(0.11)
0.15
(0.00)
4.66
(0.01)
0.77
(0.01)

-5.22
12
51.43
(1.99)
0.32
(0.04)
6.35
(0.24)
0.02
(0.01)
0.25
(0.07)
0.10
(0.03)
20.52
(1.42)
6.44
(0.53)
5.56
(0.28)
0.23
(0.03)
12.99
(0.31)
1.74
(0.18)

-6.81
9
62.71
(3.17)
1.15
(0.16)
16.54
(0.61)
0.07
(0.02)
0.14
(0.02)
0.22
(0.03)
8.97
(1.10)
6.50
(0.92)
8.18
(0.32)
0.25
(0.03)
1.23
(0.05)
1.63
(0.05)

-4.81
16
66.22
(0.59)
0.54
(0.14)
13.05
(0.28)
0.07
(0.02)
0.22
(0.09)
0.30
(0.09)
11.84
(0.37)
3.84
(0.11)
5.34
(0.19)
0.08
(0.01)
9.81
(0.47)
0.34
(0.01)

-3.77
12
58.76
(0.32)
0.37
(0.14)
20.16
(0.24)
0.08
(0.03)
0.88
(0.55)
0.26
(0.02)
9.12
(0.11)
3.46
(0.02)
4.57
(0.09)
0.07
(0.01)
13.64
(0.13)
0.25
(0.01)

-4.23
5
60.00
(1.38)
0.07
(0.01)
15.41
(0.45)
0.04
(0.01)
0.64
(0.21)
0.16
(0.04)
14.05
(0.78)
3.10
(0.11)
3.89
(0.15)
0.05
(0.01)
14.79
(1.88)
0.18
(0.01)

-7.12
7
65.16
(0.50)
0.28
(0.02)
12.51
(0.77)
0.06
(0.01)
0.02
(0.02)
0.12
(0.01)
9.98
(0.72)
6.08
(0.15)
6.86
(0.38)
0.66
(0.06)
5.82
(0.79)
2.60
(0.36)

6.69

3.08

1.27

8.52

2.50

6.87

0.98

4.97

6.86

7.42

3.49

100.18

100.37

101.98

101.79

102.69

99.08

106.61

106.69

104.76

104.97

106.67
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Abstract
Recent results from the MErcury Surface, Space ENvironment, GEochemistry
and Ranging spacecraft (MESSENGER) have shown elevated abundances of carbon on
the surface of Mercury as well as ample evidence, including high S contents and low FeO
contents, suggesting Mercury formed under reducing conditions, approximately 3 to 7
log10 units below the IW buffer. At such highly reducing conditions, the behavior of
elements may differ from what is typically seen on Earth (i.e. C has the potential to be a
light element in the core). To investigate the effect of light elements on Mercury’s core
composition we conducted carbon solubility experiments in Fe-rich metals with various
amounts of Si (ranging from 5 to 35 wt% Si) to determine the amount of C that would be
soluble in the core of Mercury as a function of core composition and temperature. Carbon
concentration at graphite saturation (CCGS) experiments were run at 1.0 GPa in the
temperature range of 1300 °C – 1800 °C, with run durations of 8–24 hours, with the
exception of the sole 1800 °C experiment that was held for ~1.25 hours. Analysis of the
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CCGS experiments resulted in a range of C abundances from 0.6–4.1 wt%. In general, C
abundances decreased with increasing Si in the metal and temperature has minimal effect
on CCGS. If the reducing conditions determined by the mercurian surface compositions
were present during core formation, these experimental results are consistent with low C
contents in the mercurian core due to the elevated Si abundances in Fe-rich metal under
such reducing conditions. Therefore, the majority of the C on the planet would
preferentially partition into the mantle. However, given the low solubility of C in silicate
melts under highly reducing conditions, saturation of C would occur quickly in the
mercurian mantle. Therefore, the likely production of graphite further supports the
possibility of a graphite floatation crust on Mercury.

Key Words: MESSENGER, carbon, core, oxygen fugacity

1. Introduction
Recent results from the MErcury Surface, Space ENvironment, GEochemistry and
Ranging (MESSENGER) spacecraft have shown elevated abundances of carbon on the
surface of Mercury (Murchie et al., 2015; Peplowski et al., 2016; Peplowski et al., 2015).
Furthermore, the X-Ray Spectrometer on board MESSENGER measured elevated
abundances of S and low abundances of FeO (Nittler et al., 2011; Weider et al., 2012),
suggesting the planets oxygen fugacity is several log10 units below the Iron-Wüstite
buffer (McCubbin et al., 2012; Zolotov et al., 2013). Similar to the role of other volatiles
(e.g. sulfur) on highly reducing planetary bodies, carbon is expected to behave differently
in an oxygen starved environment than it does in an oxygen enriched environment. As
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discussed by Nittler et al. (2011) and Hauck et al. (2013), under such highly reducing
conditions, the majority of the iron available on the planet partitions into the core. On
Mercury, this resulted in a relatively large core and a thin mantle (Hauck et al., 2013;
Smith et al., 2012). Using a composition similar to the largest volcanic field on the planet
(the northern volcanic plains), Vander Kaaden and McCubbin (2015) conducted sinkfloat experiments to determine the density of melts and minerals on Mercury. From their
investigation, they showed that graphite would be the only buoyant mineral in a
mercurian magma ocean. Therefore, Vander Kaaden and McCubbin (2015) suggested the
presence of a possible primary floatation crust on the planet composed of graphite.
Concurrently, Peplowski et al. (2015) used GRS data from MESSENGER to show an
average northern hemisphere abundance of C on the planet of 1.4 ± 0.9 wt%. However,
as this result was only at the one-sigma detection limit, possible carbon abundances at the
three-sigma detection limit for Mercury ranged from 0 to 4.1 wt% carbon. Additionally,
Murchie et al. (2015) investigated the possible darkening agent on Mercury and
concluded that coarse-grained graphite could darken high reflectance plains to the low
reflectance material. To further test the possibility of elevated abundances of carbon in
Mercury’s crust, Peplowski et al. (2016) used the low-altitude MESSENGER data to
show that carbon is the only material that is consistent with both the visible to nearinfrared spectra and the neutron measurements of low reflectance material on Mercury,
confirming that C is the primary darkening agent on Mercury. The confirmation of
carbon on the planet leads to many unanswered questions regarding the role of carbon
during the differentiation and evolution of Mercury.
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Given the elevated abundances of both S and C on Mercury’s surface, it begs the
question, what is the core composition of the planet? Both S and C are believed to be
light elements in planetary cores, but the enrichment in these elements at the surface of
Mercury may preclude the core as their primary reservoir. Although no definitive
conclusion has been reached, previous studies have made advances towards answering
this question. Riner et al. (2008) and Chen et al. (2008) looked at Fe-S systems and
implemented various crystallization and layered core scenarios to try to determine the
composition and structure of Mercury’s core. Malavergne et al. (2010) examined core
crystallization scenarios in the presence of S and Si. Hauck et al. (2013) used the most
recent geophysical constraints from the MESSENGER spacecraft to model the internal
structure of Mercury, including the core, in a Fe-S-Si system. Furthermore, Chabot et al.
(2014) conducted a series of metal-silicate partitioning experiments in a Fe-S-Si system.
These results showed the core of Mercury has the potential to contain more than 15 wt%
Si. However, with the newest results from MESSENGER’s low altitude campaign,
carbon is another potential light element that could be incorporated into Mercury’s core
that has not yet been considered experimentally.
For our examination of C, we will use Fe-Si mixtures (up to 35 wt% Si) to
simulate simplified mercurian core compositions. Questions regarding the role C during
planetary differentiation on Mercury will be answered by investigating C concentration at
graphite saturation (CCGS) in metallic liquids with varying proportions of Fe and Si, as a
function of temperature.
2. Methods
2.1 Starting Materials
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The synthetic starting materials (Table 1) used to investigate CCGS were prepared at
the Institute of Meteoritics, University of New Mexico (UNM) using high-purity Fe and
Si metal powders that were hand mixed in a glass vial for several hours to ensure
homogeneity throughout the powder. The ratio of Fe:Si metal was chosen in order to
examine a range of possible Si-contents in the mercurian core. The Low Si (5 wt% Si)
and Int-High Si (22 wt% Si) compositions were chosen based on the thermal minima on
the liquidus temperatures along the Fe-Si metallic-binary join. The Int-High Si
composition is also close to the upper limit described in Chabot et al. (2014) for the upper
limit of Si in a mercurian core. The Low-Int Si and High Si compositions were chosen to
expand the range of possible core compositions on Mercury to be examined.
2.2 PC Experimental Methods
With the exception of the 1300 °C experiments, which were conducted at UNM using
the procedures outlined in Vander Kaaden and McCubbin (2016), all PC CCGS
experiments were conducted in the high pressure laboratory at Johnson Space Center
(JSC). Each experiment began by first packing one of the Si-Fe metal mixtures into a
graphite capsule using a Teflon coated spatula and wooden tamper to minimize Fe-loss
due to magnetization with the spatula/tamper. The main difference between the UNM
setup and the JSC setup is the pressure medium used and how the temperature is
measured and monitored throughout an experiment. For the CCGS experiments at JSC,
the loaded graphite capsules were placed within barium carbonate (BaCO3) cells, which
were used as a pressure medium, with crushable MgO parts and a graphite furnace. A
hard fired alumina disk was placed between the top of the thermocouple wire and the
graphite capsule to ensure no contact during the run that could result in oxidation or
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corrosion of the thermocouple wire. A Type C (W5Re95/W26Re74) thermocouple was used
to monitor temperature throughout the run and was controlled by a Love controller
throughout the duration of each run. Each experiment was quenched by shutting off
power to the furnace and slowly decompressing the run. Experiments were run at 1.0 GPa
in the temperature range of 1300 °C – 1800 °C, with run durations of 8–24 hours, with
the exception of the sole 1800 °C experiment that was held for ~1.25 hours.
2.3 Approach to a steady state
In order to determine the length of time required to allow a single atom of carbon to
diffuse from the graphite capsule across the entirety of the experimental sample, the
longest dimension of the capsule was first measured (typically ~0.24 cm). From here,
various diffusion coefficients for C in Fe-metal were taken from the literature (Tibbetts,
1980; Wert, 1950). The time it took for the diffusion of carbon across the entirety of the
capsule was then calculated. At 1500 °C, it takes an average of 0.71 hours for C to
diffuse across the longest dimension of the graphite capsule with a maximum time of
1.11 hours. At higher temperatures of 1800 °C however, it only takes, on average, 0.18
hours for C to diffuse across the longest dimension of the graphite capsule with a
maximum of 0.28 hours. Additionally, a time series was conducted on the Int-High
composition at 1 GPa and 1500 °C. The time series consisted of experiments run at 1
hour, 4 hours, and 8 hours to assure the calculated times using carbon diffusion
coefficients was accurate for approaching a steady state in these experiments. The results
of the time series analyses are shown in Figure 1. This data shows that carbon, iron, and
silicon remain constant, within error, after run durations of 1 hour. Therefore, all
experiments conducted for longer than 1 hour were considered in this study.
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2.4 Analysis of CCGS Experiments
All run products were polished using hexagonal boron nitride powder as a lubricant
instead of water to ensure no volatile phases were lost from the experimental charges
(Murthy et al. 2003). All phases for the CCGS experiments were analyzed using a JEOL
8530F microprobe at NASA’s JSC. Each sample was painted with Pelco® colloidal
silver liquid from the capsule to the edge of the 1-inch round epoxy plug to ensure
overlap and electrical contact with the sample holder. To minimize charging effects
during analyses, the edges of the capsule were also surrounded by silver paint. Since each
experiment only contained metal, there was no need to coat the samples in a conductive
material. All analyses were collected at 15 keV and 30 nA while using the cold finger on
the microprobe to increase the vacuum and minimize contamination. The cold finger was
filled with liquid nitrogen prior to the beginning of each session, allowed to cool for
approximately 1 hour while the vacuum on the microprobe regained its high vacuum
state, and then filled periodically throughout each analytical session.
Si, Fe, and C were analyzed in each experiment. Si and Fe were analyzed using the
TAP and LIFH crystals, respectively. They were standardized on pure metals that have
been synthesized in the piston cylinder at JSC. C was analyzed using the LDE2 crystal
and was standardized using a synthetic Fe3C standard made in the piston cylinder
apparatus at JSC. The composition of the synthetic cohenite standard was confirmed
using the Transmission Electron Microscope (TEM) at JSC under the direction of Dr.
Lindsay Keller. Due to the wide peaks on this crystal as well as an interference between
the backgrounds of C and Si, an optimal background was chosen to ensure this overlap
was avoided. Peak and background counts for major elements were 30 and 15 seconds,
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respectively whereas peak and background counts for carbon were 60 and 30 seconds,
respectively. All data was corrected using the phi-rho-z correction method, which is ideal
when analyzing light elements (Merlet, 1994).
3. Results
Each CCGS experiment resulted in two phases upon quench (Figure 2A).
However, this liquid metal was a single phase at the PT conditions of our runs and
typically quenched to a dendritic texture of Si-Fe rich, C-poor dendrites surrounded by Crich, Fe-Si metal. Although present throughout the experimental charge, higher
concentrations of dendrites are typically found near the edges of the capsules or around
graphite grains suggesting they are nucleating on the C-rich surfaces available. In the
experiments containing ≥ 22 wt% Si, the interstitial melt was typically too small to
analyze accurately using EPMA. Future analyses will include TEM work to determine
accurately the metallic melt compositions in these charges. In some experimental
charges, vermicular intergrowths of graphite were present (Figure 2B). According to the
1-bar Fe-Si phase diagram, the runs at 1300 °C in the Si5Fe95 and Si35Fe65 should have
remained solid. However, the addition of C into the Fe-Si system must have depressed
the liquidus of these metals as evidenced by the quenched dendritic texture in these runs
(Figure 2A), which clearly indicate these compositions were liquid at the PT conditions
of the experiment. The ability of C to depress the liquidus apparently out-competed the
effect of P to raise the liquidus temperatures, indicating that C has a strong effect on
liquidus depression in the Fe-Si-C system.
In order to characterize fully each experimental charge, we analyzed the samples
using both broad beam analyses (~15–20 µm) across the entire sample and spot analyses

180

(~1–5 µm) on the dendrites and surrounding regions. Assuming the resulting
experimental charge was one phase during the run, as evidenced by the dendritic texture
in the experimental charges, EPMA analyses are given in Table 2. The broad beam
analyses, representative of the average sample at the experimental PT conditions, both
quenched melt and dendritic phases, show a range in C abundances from 0.6–4.1 wt%.
Additionally, the broad beam analyses show the samples contain ~4.5–22.6 wt% Si and
~79.1–92.8 wt% Fe, indicative of the wide range in starting compositions that were used
in this study (Table 1). However, in an attempt to see if the dendritic textures forced by
the quenching of our experiments showed any additional information, EPMA analyses for
the dendrites are given in Table 3 and were conducted using a 1–5 µm beam diameter,
depending on the size of the phase in a given experiment. These analyses resulted in
carbon abundances in the dendrites ranging from 0.4–1.4 wt%, Si values of 4.5–32 wt%,
and Fe abundances of 68.2–94.7 wt%. EPMA analyses for the liquids surrounding the
dendrites are given in Table 4 and were also conducted using a 1–5 µm spot. These
analyses show carbon abundances in the surrounding quenched liquid phases ranging
from 3.1–5.0 wt%, Si values of 3.7–16.3 wt%, and Fe abundances of 82.13–93.19 wt%.
4. Implications for the carbon content of Mercury’s core
Although we do not currently know the composition of the core at the time of
formation of Mercury, the data from this study can place some constraints on the role of
carbon in the mercurian core. Figures 3–7 show that temperature has little to no effect on
CCGS. Carbon solubility is highest in the most Fe-rich metal and decreases with
increasing Si content in the metal. However, experiments CSM-984, CS-2, and CSM-996
all have ~79.75 wt% Fe in the liquid metal (Table 2). Carbon contents range from 0.63
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wt% to 1.04 wt% with the lower C content corresponding to higher Si (22.6 wt%) and the
higher C content corresponding to lower Si (18.45 wt%), suggesting Si has a stronger
control on C solubility than Fe in an Fe-Si-C system. Furthermore, Figure 7 shows that
composition has a much stronger effect on CCGS than temperature, at least a 1 GPa.
Additionally, Figure 6 represents the dendritic metal-surrounding quenched liquid metal
pairs that were present in a given experiment. From this data, the surrounding quenched
liquid metal is consistently higher in C than the dendritic metal exsolved during the
quenching of the experiment. However, since these phases were likely a single melt
phase at the PT conditions, the broad beam analyses (Figure 3, Table 2) are used to
discuss the implications for carbon contents in the mercurian core.
Given the surface composition measured by the MESSENGER spacecraft, it is
likely that the planet formed under highly reducing conditions (McCubbin et al., 2012;
Zolotov et al., 2013). The geochemical behavior of elements under these highly reducing
conditions will differ from what is generally seen in more oxidizing conditions, like Earth
(Vander Kaaden and McCubbin, 2016). At conditions as reducing as IW-3 to IW-7, Si is
expected to partition into the core of the planet (Chabot et al., 2014). Based on the
experimental results in the present study, the more Si that partitions into an iron-rich core
of the planet, the less carbon that will partition into it. Although a molten core could
contain substantial amounts of carbon (up to ~4 wt% in an Fe-Si-C system), as the core
cools and crystallizes, the amount of C in the core could decrease, as suggested by the
dendrites present in our experiments. However, additional experiments to examine solid
metal-liquid metal c-bearing core compositions are warranted.
Our experiments indicate that if Mercury has a Si-rich core (having more than ~5
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wt% silicon), it would have saturated in carbon at low C abundances. If Mercury’s
volatile-rich nature (Evans et al., 2015; Murchie et al., 2015; Nittler et al., 2011;
Peplowski et al., 2014; Peplowski et al., 2016; Peplowski et al., 2015; Peplowski et al.,
2012; Weider et al., 2012) also holds true for carbon, a substantial proportion of the
carbon in Mercury would have been excluded from the metallic portion of the planet.
Furthermore, carbon solubility in silicate melts is exceptionally low under highly
reducing conditions, so it would have been excluded from the silicate portion of the
planet as well (Ardia et al., 2013). Therefore, if carbon is excluded from the core and the
silicate portion of the planet, it indicates that graphite saturation in bulk Mercury is able
to happen at lower C abundances than other planets that have higher capacities for C in
the core and mantle. Consequently, graphite is likely to be an early phase that forms
during the primary differentiation of Mercury, as the core-mantle boundary is above the
diamond stability field (Bundy et al., 1996; Bundy et al., 1961; Clausing, 1997; Kennedy
and Kennedy, 1976). Based on the work of Vander Kaaden and McCubbin (2015), this
graphite would float to the surface of the planet during differentiation in a magma ocean
and could have composed a primary floatation crust. Therefore, the results from our
CCGS experiments suggest that core formation under highly reducing conditions on
Mercury is conducive to the formation of a primary floatation crust of graphite.
5. Conclusion
The current study aimed to examine the role of C in the mercurian core. If
Mercury formed under the highly reducing conditions that are currently reflected on the
surface, we would expect a large core to form with increasing amounts of Si. While
liquid, the Si-Fe-rich core could contain substantial amounts of carbon. The liquid outer
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core has the potential to store higher amounts of carbon, at carbon saturation, which
would occur early on in the differentiation of Mercury. Therefore any graphite that forms
while the core mantle boundary is above the diamond stability field, would have floated
through the liquid core and up to the surface forming a primary graphite floatation crust
in a magma ocean scenario (Vander Kaaden and McCubbin, 2015), similar to the
anorthositic crust seen on the Moon. With continued cooling, followed by partial melting,
the surface of the planet is covered by secondary volcanism, burying the clear evidence
of a graphite floatation crust. With continued bombardment of the mercurian surface, the
graphite floatation crust is then exposed within impact basins. This process is reflected in
the MESSENGER data by the newest analyses of C in the low reflectance material
(Peplowski et al., 2016). The highly reducing nature of Mercury as well as its enrichment
in volatiles has lead to an extremely complex and exotic thermal and magmatic evolution.
Understanding the role of all of the volatiles present on Mercury is imperative to our
understanding of these complex and unique processes.
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Figure 1. CCGS time series. Symbols correspond to a particular element.
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Figure 2. BSE images of CCGS experimental run products in Si5Fe95 metal (A) CS-3 run
at 1 GPa and 1300 °C and (B) CSM-997 run at 1 GPa and 1800 °C.
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Figure 3. C-Fe-Si ternary containing only broad beam (~15–20 µm) analyses
representing the average compositions of all CCGS experimental run products. The color
of the symbol corresponds to temperature.
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Figure 4. C-Fe-Si ternary containing only spot analyses (~1–5 µm) analyses on the
metallic dendrites exsolved during quenching of the CCGS experiments. The color of the
symbol corresponds to temperature.
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Figure 5. C-Fe-Si ternary containing only spot analyses (~1–5 µm) analyses on the
metallic quenched liquid surrounding the dendrites (Figure 4) present upon quenching of
the CCGS experiments. The color of the symbol corresponds to temperature.
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Figure 6. C-Fe-Si ternary containing only spot analyses (~1–5 µm) analyses on the
metallic dendritic liquids (D)-surrounding quenched liquid (Lq) pairs present in the
CCGS experiments. Tie lies connect the dendrites and surrounding liquid metals from a
given experiment. The color of the symbol corresponds to temperature. Squares represent
the surrounding liquid metal and circles represent the dendrites.
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Figure 7. Plot of the mole fraction of Si/(Si +Fe) (XSi/(Si+Fe)) vs. the mole fraction of
carbon (XC) as a function of temperature. All analyses represent the same broad beam
analyses as Figure 3. The color of the symbol corresponds to temperature.
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Table 1. Composition of the metal starting materials used in the CCGS study. All values
are in wt%.
Low-Int
Si
10
90
100

Low Si
Si
Fe
Total

5
95
100

Int-High
Si
22
78
100

High
Si
35
65
100

Table 2. EPMA data for all broad beam (~15–20 µm) analyses on the CCGS experiments
(wt%). Std=standard deviation. N=number of analyses included in average.

Exp
#

Compositio
n (wt%)

Temperatur
e (°C)

Hold
time
(Hours)

n

Si

CS-2

Si35Fe65

1300

24

17

22.6

CS-3

Si5Fe95

1300

24

17

4.82

CS-4

Si10Fe90

1300

24

20

CS-5
CSM
-982
CSM
-984
CSM
-998
CSM
-983
CSM
1002
CSM
-996
CSM
1003
CSM
-993
CSM
-995
CSM
-997

Si22Fe78

1300

24

16

9.87
20.4
2

Si5Fe95

1500

8

16

Si22Fe78

1500

8

16

5.07
18.4
5

Si10Fe90

1500

8

11

4.46

Si5Fe95

1600

8

11

Si10Fe90

1600

8

14

Si22Fe78

1600

8

Si10Fe90

1700

Si5Fe95

std
1.5
9
0.1
0.3
1
0.4
5
0.1
1
0.1
4

C
0.6
3
4.1
3

std
0.0
9
0.8
2
0.2
3
0.1
1
0.3
3
0.0
8
0.5
2
0.3
7

Fe
79.7
2
92.5
5
89.4
5
81.0
7

4.79

0.4
0.1
1

2.4
0.8
9
3.5
2
1.0
4
3.4
2
3.5
4

0.6
8
1.0
7

2.2
6
1.0
1

0.3
6

88.7
9

12

9.95
19.0
2

0.1

80.4

8

13

9.32

1700

8

10

Si22Fe78

1700

8

12

5.2
14.9
7

Si5Fe95

1800

1.25

13

9.16

0.5
0.5
4
1.3
8
0.3
2

2.4
5
3.6
4
1.2
7
2.5
1

0.2
7
0.8
8
0.1
6
0.2
8

87.8
6
91.6
1
83.3
8
49.4
4
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92.5
79.1
4
92.8
3
92.3
1

std
1.5
4
0.7
5
0.2
3
0.7
8
0.3
3
0.4
9
0.6
6
0.8
3
0.4
3
1.0
4
0.3
4
0.8
9
0.5
5
0.6

Total
102.9
5
101.5
101.7
2
102.3
8
101.0
9
98.63
100.7
1
100.6
4

101
100.4
3

99.63
100.4
5
99.62
61.11

Table 3. EPMA data for all spot (~1–5 µm) analyses on the CCGS experiments metallic
dendrites only (wt%). Std=standard deviation. N=number of analyses included in
average.

Exp
#

Compositio
n (wt%)

Temperatur
e (°C)

Hold
time
(Hours
)

CS-2

Si35Fe65

1300

24

8

CS-2

Si35Fe65

1300

24

7

Si
19.6
1
32.0
2

CS-3

Si5Fe95

1300

24

6

4.49

CS-4

Si10Fe90

1300

24

5

9.42

CS-5
CSM
-982
CSM
-984
CSM
-998
CSM
-983
CSM
1002
CSM
-996
CSM
1003
CSM
-993
CSM
-995
CSM
-997

Si22Fe78

1300

24

9

18.2

Si5Fe95

1500

8

19

Si22Fe78

1500

8

13

5.39
18.8
2

Si10Fe90

1500

8

12

5.13

Si5Fe95

1600

8

17

Si10Fe90

1600

8

8

Si22Fe78

1600

8

Si10Fe90

1700

Si5Fe95

n

C
0.4
8
0.4
7
1.3
2
0.3
9

5.17

std
0.6
7
0.3
4
0.2
1
0.5
4
0.7
5
0.0
9
0.4
4
0.3
5
0.2
5

5

12.5
5
19.8
2

0.9
4
0.7
1

8

8

11.5
2

1700

8

8

Si22Fe78

1700

8

13

0.1
9
0.3
8
0.4
6

Si5Fe95

1800

1.25

8
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5.88
17.2
6
11.1
8

0.3

0.1
0.8
3

Fe
80.6
4
68.1
9
93.8
8
86.5
4
81.2
4
94.7
2
80.9
3
94.4
6
94.4
5

0.5
6
0.8
5

0.7
8
0.4
6

86.9
80.2
5

0.4
5

0.0
3

1.3
0.7
9
0.4
8

0.1
0.3
7
0.0
4

0.4
1.2
7
0.6
2
1.3
2
1.4
3

std
0.0
7
0.0
7
0.0
6
0.0
4
0.0
3
0.1
1
0.1
2

88.7
1
93.7
3
84.0
7
89.7

std
0.5
5
0.1
0.3
8

Total
100.7
3
100.6
8
99.69

0.3
0.3
5
0.2
5
0.4
8
0.4
3
0.8
9

96.35

0.7
2
1.0
1

100.0
1
100.9
2

0.8
2
0.5
4
0.3
7
0.2
8

100.6
8
100.9
1
102.1
2
101.3
6

99.84
101.3
8
100.3
7
100.9
1
101.0
5

Table 4. EPMA data for all spot (~1–5 µm) analyses on the CCGS experiments metallic
liquids surrounding the dendrites only (wt%). Std=standard deviation. N=number of
analyses included in average.

Exp
#

Compositio
n (wt%)

Temperatur
e (°C)

Hold
time
(Hours
)

CS-3

Si5Fe95

1300

24

7

4.09

CS-4
CSM
-982
CSM
-998
CSM
-983
CSM
1002
CSM
1003
CSM
-993
CSM
-995
CSM
-997

Si10Fe90

1300

24

5

4.99

Si5Fe95

1500

8

20

4.81

Si10Fe90

1500

8

9

3.74

Si5Fe95

1600

8

12

Si10Fe90

1600

8

Si10Fe90

1700

Si5Fe95

n

Si

4.29

0.7
0.1
6
0.9
1
0.3
3

C
4.9
7
3.2
3
4.5
7
4.1
3
4.5
9

std
0.0
9
0.1
7
0.2
2
1.1
1
0.3
2

8

7.78

0.6
9

3.4
7

8

12

7.68

1700

8

7

Si22Fe78

1700

8

5

4.99
16.2
5

Si5Fe95

1800

1.25

14

7.55

0.2
1
0.2
7
0.1
2
0.2
1

3.4
5
4.7
6
3.0
8
3.4
5
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std
0.3
4

Fe

Total
100.4
6

87.6
92.3
8
93.1
9
92.7
7

std
0.4
6
0.5
9
0.2
9
0.8
4
0.3
8

0.1
3

89.7
6

0.7
9

101.0
1

0.0
9
0.1
8
0.2
3
0.0
7

89.5
9
91.5
8
82.1
3
90.3
8

0.4
8
0.3
1
0.3
3
0.1
5

100.7
2
101.3
3
101.4
6
101.3
8

91.4

95.82
101.7
6
101.0
6
101.6
5

